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Protein phosphatase 2A (PP2A) is involved in the regulation of stress 
response, growth and hormone signalling during the plant life cycle. A 
variety of plant growth-promoting rhizobacteria (PGPR) and arbuscular 
mycorrhiza fungi (AMF) stimulate plant growth and improve plant 
health, but the contribution of PP2A to the beneficial plant-microbe 
interactions is still obscure. The treatment of Arabidopsis wild type and 
PP2A (related) mutants, exhibiting either low or high PP2A activity, with 
the PGPR Azospirillum brasilense (wild-type strain Sp245 and auxin-
deficient strain FAJ0009) and Pseudomonas simiae (WCS417r) revealed 
the essential role of the PP2A catalytic subunits from subfamily I in a 
positive response to PGPR. Moreover, the role of the regulatory subunit 
B’θ may also be important in this regard. Furthermore, the positive effect 
on the fresh weight of roots and shoots was especially pronounced in 
Arabidopsis mutants with low PP2A activity.  
The treatment of tomato plants with the above-mentioned PGPR 
confirmed at the molecular level that the PP2A catalytic subunit 
belonging to subfamily I and the regulatory subunit B’θ may be 
important mediators in the interaction between plants and PGPR. The 
role of the regulatory subunit B’φ, previously characterized as a regulator 
of AMF colonization, was also investigated. For this purpose, transgenic 
tomato plants were engineered to overexpress the B’φ subunit derived 
from Solanum lycopersicum cv. Heinz under control of the cauliflower 
mosaic virus 35S promoter. The resulting plants were characterized by 
slowed development with significantly decreased root and shoot 
biomass, and a threefold reduction in seed number. Semi-quantitative 
reverse-transcription PCR analysis of the transgenic plants showed a 
significant disturbance in the homeostasis of abscisic acid (ABA) and 
gibberellins (GAs), and a striking reduction in the content of bioactive 
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1.1 Principles of beneficial plant-microbe 
interactions in rhizosphere 
The term “rhizosphere” was introduced by Lorenz Hiltner (1862-1923), 
a pioneer in rhizosphere microbial research, on April 9, 1904, during his 
lecture at a meeting of the German Agricultural Society. His great dream 
was to apply the recent discoveries in soil microbiology to agricultural 
practice. Rhizosphere means the soil area influenced by plant roots. Due 
to his studies, it became known that the plant growth-promoting 
rhizobacteria (PGPR) inhabit soil and plant roots, establishing a long-
term mutually beneficial association with the host plant. In this 
association, the bacteria sustain plant growth via nitrogen fixation, 
bacterial phytohormone production, increased nutrient uptake, enhanced 
biotic and abiotic stress resistance, vitamin production and phosphorus 
solubilisation (Hartmann et al. 2008; Maheshwari 2011). The host plant 
in return supplies the bacteria with carbon and energy sources such as 
sugars, organic acids and amino acids (Glick 2014).  
PGPR have been applied in agriculture in many countries since 
their discovery. Due to their beneficial properties, this type of bacteria 
has been tested as inoculants in crop production, initially with cereals, 
but later with other plants. Recent studies demonstrate that bacteria from 
the Azospirillum genus increase the growth of every plant species tested 
so far (113 species across 35 families) that makes this genus a universal 
PGPR (Maheshwari 2011). Azospirillum has the ability to utilize 
dinitrogen (N2) from the air by converting it to ammonia (NH3). The 
fixed nitrogen is then assimilated in plant cells into amino acids and 
nucleotides. The process of biological nitrogen fixation is of enormous 
agricultural importance because only certain bacteria can fix nitrogen 
and support nitrogen needs of plants (Madigan et al. 2009). Azospirillum 
was the first commercial inoculant used for improved nitrogen uptake in 




medium-sized (3–5 µm), microaerophilic, nitrogen-fixing, gram-
negative, very motile curved rods with spirilloid movements carried out 
by either a single polar flagellum (swimming) or several lateral flagella 
(swarming). The beneficial effect of Azospirillum on plants is mainly 
attributed to the production of plant growth stimulators such as auxins 
(Spaepen et al. 2007), cytokinins (CKs), abscisic acid (ABA), 
gibberellins (GAs) (Cohen et al. 2008; Cohen et al. 2009) and nitric oxide 
(NO) (Bashan and de-Bashan 2010). In plants, these stimulators or 
phytohormones control cell division (auxins, CKs), cell growth (auxins), 
cell elongation (GAs), root growth and development (NO) and response 
to stresses (ABA) caused by bacterial or fungal infections or 
environmental changes such as light, temperature, nutrient fluctuations 
and drought (Amenta et al. 2015; Castillo et al. 2015; Rodrigues et al. 
2015). The bacterial phytohormone production is reported to cause 
changes in root architecture and as a consequence an improved uptake of 
water and nutrients (Steenhoudt and Vanderleyden 2000). The most 
important hormone produced by Azospirillum is the auxin molecule, 
indole-3-acetic acid (IAA) (Castillo et al.). Azospirillum brasilense 
Sp245 is a type strain for Azospirillum species (Castillo et al. 2015). It is 
one of the most studied strains with complete sequence genome available 
in many databases (Alexandre 2015; Wisniewski-Dye et al. 2011). 
Another beneficial capacity ascribed to PGPR is related to biological 
control or ability to suppress plant pathogens. However, this role of 
Azospirillum is reported to be moderate and the mechanism is not well 
defined (Rodrigues et al. 2015). The ability to suppress plant pathogens 
could be attributed to antimicrobial compounds such as phenyl acetic 
acid, some volatile metabolites (Somers et al. 2005; Abdulkareem et al. 
2014) or siderophores (iron chelators) that bind iron from the 
environment (Tortora et al. 2011). Azospirillum strains were also 
suggested to improve mineral uptake in plants via solubilization of 
insoluble mineral compounds by different organic acids produced in the 





Another frequently studied PGPR genus is Pseudomonas (Podile 
and Kishore 2006), also called fluorescent pseudomonads (Bultreys et al. 
2003), gram-negative, aerobic, motile rod-shaped bacteria (Pathma et al. 
2011). Like Azospirillum spp., many Pseudomonas spp. stimulate plant 
growth and change the root architecture by shortening the primary root 
and enhancing the development of lateral roots. The enhanced plant 
growth is mainly attributed to bacterial auxins (only some specific 
strains) or auxin-mimicking compounds, CKs, B-group vitamins and 
volatile organic compounds (VOCs) (Garcia de Salamone et al. 2001; 
Pathma et al. 2011; Wintermans et al. 2016; Zamioudis et al. 2013). 
Resistance to abiotic and biotic stresses in plants colonized by 
pseudomonads is often associated with 1-aminocyclopropane-1-
carboxylate (ACC) deaminase activity. ACC, the ethylene (ET) 
precursor, is generally present in non-stressed plants. Upon the stress 
response in plants, ACC converted to ET can both alleviate and 
exacerbate the stress effect depending on the conditions. In the most 
severe cases, the increased amount of ET can cause plant senescence, 
chlorosis and abscission. Plants, treated with PGPR with ACC 
deaminase activity, produce less ET as its precursor ACC is cleaved by 
the enzyme and consumed by the above-mentioned PGPR (Glick 2015). 
Pseudomonas simiae WCS417r (hereafter WCS417r) is among the most 
well-studied strains from this genus (Berendsen et al. 2015). Despite the 
auxin-dependent responses in Arabidopsis colonized by WCS417r, 
Zamioudis et al. (2013) and Ortiz-Castro et al. (2019) failed to confirm 
an auxin production in this strain. However, the latter research group 
identified cyclopeptides with auxin-mimicking activity in the WCS417r 
bacterial extract. WCS417r belongs to the most promising group of 
PGPR with an excellent ability to mediate biocontrol of plant pathogens 
by the production of antimicrobial compounds, siderophores and cell 
wall-degrading enzymes (Berendsen et al. 2015; Pathma et al. 2011; 
Stringlis et al. 2018a; Stringlis et al. 2019). 
However, plant associations are not limited by bacteria. Another 




mycorrhiza (AM). Mycorrhiza is a term proposed by the German 
botanist Albert Bernhard Frank in 1885 to refer to roots that are closely 
intergrown with a fungus in one organ — the fungus root (from Greek 
myco is “fungus”, rhiza is “root”) (Koide and Mosse 2004). The term 
“arbuscular” originates from characteristic structures, the arbuscules, 
observed within the cortex of the host plant. Along with storage vesicles, 
these structures are usually (but not limited to) considered distinctive for 
AM symbioses (Dickson 2004). However, the morphology of AM 
associations is still dependent on both plant taxa and fungal identity 
(Cavagnaro et al. 2001). According to estimates today, 85% of all plants 
interact with arbuscular mycorrhizal fungi (AMF) (Miozzi et al. 2019). 
The young roots of these plants are completely woven over with thin 
branching filaments (hyphae) of the fungus. Now, it is well known that 
mycorrhiza is a symbiosis (mutually beneficial cohabitation) of certain 
fungi and plant roots where the fungi supply the host plant with mineral 
nutrients (e.g. phosphorus, nitrogen etc.), facilitates water absorption 
from surrounding soil (Smith and Read 2008a; Augé 2001) and help to 
resist infections (Fritz et al. 2006; Fiorilli et al. 2018; Jung et al. 2012). 
The host plant in return supplies AMF with sugars produced by 
photosynthesis as an energy source (Dickson 2004). Therefore, AMF has 
been in a great focus in terms of agricultural applications during the last 
decades. Strictly considered, the discovery of mycorrhiza should be 
credited to Albert Bernard Frank who described a regular and 
characteristic infection of plant roots by AMF in 1885 (Rayner 1926–
1927). However, the first trustworthy information about AM began to be 
published only 50 years ago. The phenomenon of this symbiosis had long 
remained beyond the grasp of investigators until more advanced 
equipment and more sophisticated methods for study in this area became 
available. The problematics of AMF research can be explained by the 
impossibility of cultivating these fungi in the laboratory. As it turned out 
later, AMF belong to phylum Glomeromycota and are obligate root 
symbionts, incapable of growing independently without a host plant 




studied in strawberries, apple and other fruit trees. Later, the improved 
plant growth was reported in tobacco, maize and oats. The observations 
of plant growth promotion caused by AMF colonization led to the great 
increase in popularity of the arbuscular mycorrhiza research and many 
decades later application of AMF in agriculture (Koide and Mosse 2004).  
1.2 Induced systemic resistance in plants  
In 1991 for the first time, several research groups reported  increased 
resistance to phytopathogens in plants colonized by PGPR (Alstr et al. 
1991; Van Peer 1991; Wei et al. 1991). Nowadays, the state of an 
enhanced defensive ability developed in plants in response to PGPR and 
AMF is well recognized as induced systemic resistance (ISR). ISR is 
primarily controlled by the plant hormones ET and jasmonic acid (JA) 
(van Loon et al. 1998; Pieterse et al. 2014; Pieterse et al. 1998), varies 
depending on bacterial or fungal strains  and appears to be plant-microbe 
and pathogen specific (Leeman et al. 1995; Pieterse et al. 1996; Ton et 
al. 1999; Van Peer 1991; Van Wees et al. 1997).  The onset of ISR in 
plants leads to many local changes in gene expression (Verhagen et al. 
2004) associated with deposition of callose, lignin and phenolics (Duijff 
et al. 1997), changes in enzymatic activity including PP2A activity 
(Charpentier et al. 2014; Chen et al. 2000; Durian et al. 2016; 
Karthikeyan et al. 2006; Magnin-Robert et al. 2007; Rahikainen et al. 
2016) and stress-related genes (Charpentier et al. 2014; Segonzac et al. 
2014; Stringlis et al. 2018a; Verbon et al. 2019; Verhagen et al. 2004). 
However, these transcriptome changes are mild and incomparable with 
those observed during a pathogen attack.  Therefore, ISR by beneficial 
microbes appears as priming of effective resistance mechanisms and 
results in earlier and stronger defence reactions upon a pathogenic assault 




1.3 Protein phosphatase 2A as a mediator in 
plant-microbe signalling: strategies and 
approaches 
Recent research is mounting evidence that the plant innate immune 
system governs the plant response associated with beneficial plant-
microbe interactions (Hacquard et al. 2017; Pieterse et al. 2014). An 
important role in the immune signalling and regulation (Kataya et al. 
2015; Segonzac et al. 2014) and defence response to various plant 
pathogens is ascribed to protein phosphatase type 2A (PP2A)  (Durian et 
al. 2016; He et al. 2004). However, the PP2A studies are mainly 
conducted on Arabidopsis and since this model plant is not an AM host 
(Cosme et al. 2018; Veiga et al. 2013) the contribution of these studies 
to the AMF-plant associations, for the most part, is still beyond the 
research grasp. Even though,  Arabidopsis-PGPR interactions have 
already been intensively studied with P. simiae and A.brasilense by 
several research groups (Spaepen et al. 2014; Verbon et al. 2019; 
Verhagen et al. 2004; Zamioudis et al. 2013), the role of PP2A in these 
interactions remained outside of the scope of their investigation. 
Charpentier et al. (2014) showed that the regulatory PP2A subunit B’φ 
functions in ABA promotion of AM symbiosis in Medicago truncatula. 
He et al. (2004) and Pais et al. (2009) found that subfamily I of the PP2A 
catalytic subunits in tomato facilitates the plant defence responses 
associated inter alia with bacterial and fungal elicitors. Therefore, to 
translate the knowledge from Arabidopsis to agricultural plants such as 
tomato and identify underlying mechanisms for adaptation of plants to 
the challenging conditions is of great importance. The growth-promoting 
bacteria and fungi are constantly reported to be important for the 
adaptation and survival of agricultural plants (Marschner and Dell 1994; 
Boyer et al. 2016; Beneduzi et al. 2012; Pathma et al. 2011; Smith and 
Read 2008c; Bona et al. 2017; Hart et al. 2015).  
In this regard, a reverse genetic approach is a powerful tool to 




beneficial microbes. Application of various Arabidopsis mutants with 
gain-of-function (over-expressors) or loss-of-function (null) mutations 
in PP2A subunits is a primary strategy in the study of the interaction 
between plants and PGPR. However, a loss-of-function mutation only in 
one PP2A subunit may be partially or entirely masked by the activity of 
other redundantly acting genes. Therefore, the application of PP2A 
mutants with altered PP2A activity is important guidance in the selection 
of an appropriate mutant. Unfortunately, this strategy is more relevant 
for Arabidopsis but not for tomato due to a very limited number of the 
PP2A tomato mutants available in the mutant libraries. So, the gene 
expression analysis of tomato plants stimulated by beneficial microbes 
or/and studies of gain-of-function mutations in the PP2A gene family 
(e.g. mentioned above B'φ) can give important clues to the role of PP2A 
in the beneficial plant-microbe interactions. The information obtained 
from the studies of PP2A in various plant species to date made it possible 
to identify several genes that could hypothetically play an important role 
in establishing the symbiosis between tomato plants and beneficial 
microbes (Error! Reference source not found.). Even though most of the 
PP2A subunits listed in Table 1 are frequently studied in Arabidopsis, 
the anticipated orthologs in the tomato genome were found by 
application of phylogenetic analysis (Error! Reference source not found.) 
assuming that gene/protein sequence similarity confer the gene function 










Table 1. Most relevant PP2A genes for the plant-microbe interaction study in tomato 
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Figure 1. Phylogenetic relationship between some Arabidopsis thaliana (At) and Solanum 
lycopersicum (Solyc) PP2A subunits.   
  .  
1.4 Protein phosphatase type 2A 
The reversible phosphorylation of proteins is a common cellular 
mechanism for regulating protein activity. The phosphorylation and 
dephosphorylation of proteins have been found to modify protein 




from ATP to a protein. In eukaryotic cells the protein phosphorylation 
on serine, threonine and tyrosine residues is predominant. A protein 
phosphatase reverses the action of the protein kinase by cleaving 
phosphate from serine, threonine or tyrosine residues (Campbell 2009). 
This mechanism is widely utilized by all living cells, where 90% of all 
eukaryotic protein dephosphorylation reactions are catalysed by 
serine/threonine phosphoprotein phosphatases (PPPs) (Moorhead et al. 
2007). Among PPPs, PP2A is one of the most abundant and extensively 
studied members (Virshup and Shenolikar 2009). PP2A is an essential 
part of the reversible phosphorylation playing a crucial role in the 
diversity of important biological processes such as cell growth and 
signalling (Janssens and Goris 2001), cell cycle regulation (Krasinska et 
al. 2011; Nilsson 2019), phototropism and stomatal opening (Tseng and 
Briggs 2010), tumour suppression (Janssens et al. 2005), cytoskeleton 
dynamics (Lee and Pallas 2007), regulation of multiple signal 
transduction pathways (Haesen et al. 2014; Lillo et al. 2014), hormone 
signalling and stress response (Durian et al. 2016; Creighton et al. 2017a; 
Chen et al. 2014), apoptosis (Reynhout and Janssens 2019), cell motility 
(Basu 2011) and many others. PP2A is highly conserved and found in all 
eukaryotic cells (Lechward et al. 2001). The ability of PP2A to manage 
this complex signalling network lies in its combinatorial and regulatory 
complexity because PP2A functions as a heterotrimeric protein complex. 
The PP2A core enzyme or A/C dimer consists of a catalytic C subunit 
and a scaffolding A subunit. The A/C dimer subsequently associates with 
a variable regulatory/targeting B subunit forming a heterotrimeric 
protein complex (Xing et al. 2006). The genome of the model plant 
Arabidopsis codes for three scaffolding subunits, five catalytic subunits 
and seventeen regulatory subunits. This diversity of subunits gives rise 
to over 200 biochemically distinct PP2A complexes (Lillo et al. 2014). 
Each complex exhibits a unique substrate recognition surface which in 
turn determinates enzyme activity, substrate specificity and subcellular 
localization (Ballesteros et al. 2013; Groves et al. 1999; Janssens and 




1.5 PP2A subunits in Arabidopsis and tomato 
Similar to Arabidopsis, the tomato genome codes for three scaffolding A 
subunits and five catalytic C subunits (Booker and DeLong 2017; Lillo 
et al. 2014). The catalytic subunits in turn form two distinct subfamilies 
based on the sequence analysis (Casamayor et al. 1994; Perez-Callejon 
et al. 1998; He et al. 2004): subfamily I (C1, C2, C5 for Arabidopsis and 
C1, C2 for tomato) and subfamily II (C3 and C4 for Arabidopsis, and 
C3, C4 and C5 for tomato. Seventeen regulatory B subunits in 
Arabidopsis and nine in tomato divide into phylogenetically unrelated 
and structurally distinct B/B55, B’ and B’’ subfamilies (Booker and 
DeLong 2017; Lillo et al. 2014). In Arabidopsis, different isoforms of 
regulatory B subunits within the same subfamily are usually named by a 
specific Greek letter such as Bα and Bβ, B’α, β, γ, δ, ε, ζ, η, θ, and κ or 
B’’α, β, γ, δ, ε and TON2 (Farkas et al. 2007; Lillo et al. 2014). However, 
it is worth noting that PP2A subunits in plants are most studied, 
genetically mapped and characterized in Arabidopsis, while in tomato 
such information is either not complete or simply unavailable. Based on 
the analysis of the phylogeny of PP2A subunits in flowering plants by 
Booker and DeLong (2017), B’ gene subfamily turned out to be the most 
diverse and splits into five clades including the B’φ clade.  The predicted 
B’φ gene product does not relate to any of Arabidopsis isoforms and is 
considered to be lost in the Arabidopsis genus (Error! Reference source 
not found.). Unlike Arabidopsis, the tomato genome possesses the B’φ 
clade (hereafter B’φ) but it is not well studied and characterized yet. 
Booker and DeLong (2017) pointed out that B’φ was present only in the 
plant species capable of forming arbuscular mycorrhizal or rhizobial 
associations and mentioned the recent studies of this gene in M. 
truncatula, confirming the essential role of B’φ in mycorrhizal symbiosis 
(Charpentier et al. 2014). Subunits from B/B55 subfamily are much less 
diverse and form a divergent clade (clade I) (lost in Arabidopsis but not 
in tomato), a small clade ( clade II) (lost in tomato and Arabidopsis) and 




the FASS/TON2  clade (or clade I) and more diverse clade II (Booker 
and DeLong 2017). Interestingly, 85% of the analysed plant species carry 
only one gene for the PP2A subunits from B/B55 (clade I), B’’ (clade I) 
and B’φ clades and defined as atypical non-expanding PP2A gene 
families. The reduced expansion within these clades may indicate that 
these genes are involved in very specific physiological processes and 
their duplication might be detrimental for the plant (Li et al. 2016). 
1.6 PP2A holoenzyme assembly 
The A/C dimer exists as an abundant entity in cells rather than just an 
intermediate during the PP2A trimeric complex assembly and is 
regulated by numerous cellular proteins (Goldberg 1999). Here, just 
some of them will be described.  Phosphotyrosyl phosphatase 2A 
phosphatase activator (PTPA) is identified as a crucial modulator of the 
PP2A serine/threonine phosphatase activity in S. cerevisiae and 
mammalians (Longin et al. 2004). The peptidyl-propyl cis/trans 
isomerase ability of PTPA (Jordens et al. 2006) was shown to cause 
conformational changes in the C subunit  of PP2A and thus convert the 
A/C dimer to an active form. The active PP2A core enzyme can 
subsequently accept a B subunit or be methylated by leucine carboxyl 
methyltransferase (LCMT-1) on the carboxy-terminal leucine. The 
methylated form of the A/C dimer is reported to be more active (Chen et 
al. 2014).  It is also found that in mammalian cells the methylated PP2A 
core enzyme is required for recruiting a B subunit from B and B’ 
subfamily of B subunits (Hwang et al. 2016), some papers provide 
evidence that the recruitment of B subunits from B’’ family also requires 
methylation of the PP2A coenzyme (Xing et al. 2006). On the other hand, 
the fully methylated PP2A core enzyme becomes a substrate for PP2A-
specific methylesterase (PME-1), which removes the methyl group from 
the carboxy-terminal leucine of the C subunit. In addition to the esterase 
function, PME-1 stabilizes an inactive conformation of the A/C dimer 







Figure 2. A simplified model of PP2A regulation in Arabidopsis. 
During the PP2A trimeric complex assembly, PTPA converts the C subunit of the A/C dimer to 
a form that can accept a B subunit or be methylated by LCMT-1 on the carboxy-terminal leucine 
(Leu) before accepting a B subunit. On the other hand, the fully methylated PP2A core enzyme 
becomes a substrate for PME-1, which removes the methyl group from the carboxy-terminal 
leucine of the C subunit and stabilizes an inactive conformation of the A/C dimer that can be 
reactivated by PTPA.  
 
1.7 PP2A inhibitors as a research tool  
The biggest discovery in favour of the fact that PP2A mediates tumour 
suppression was the finding of potent tumour-inducing toxins, such as 
okadaic acid (OA), which primarily targets the PP2A catalytic subunits. 
Acting against some other PPPs as well (Honkanen and Golden 2002), 
OA is a selective inhibitor of PP2A at 1-2 nM concentration (Cohen et 
al. 1989). OA is a polyketide, polyether derivative of a C38-fatty acid. It 
is a toxin produced by various species of dinoflagellates, although first 




active-site pocket of the C subunit in the form of a hydrophobic cage 
accommodates the hydrophobic end of OA. Bound to the catalytic 
subunit, OA disrupts binding of a regulatory B subunit to the catalytic C 
subunit of the  A/C dimer and thereby prevents the formation of the 
PP2A heterotrimeric protein complex  (Xing et al. 2006; Walter et al. 
1990).  Nowadays, application of small molecule inhibitors such as OA 
to study the roles of sensitive protein phosphatases is still a widely used 
research tool in studies designed to provide insight into the biological 




2 Project background 
Tomato is an excellent research material because it has many interesting 
features such as fleshy fruit, a sympodial shoot and compound leaves, 
which other model plants (e.g., rice and Arabidopsis) do not have. Most 
of these traits are agronomically important and cannot be studied using 
other model plant systems. Besides, the tomato belongs to the extremely 
large family Solanaceae and is closely related to many commercially 
important plants such as potato, eggplant, peppers, tobacco and petunias. 
Knowledge obtained from studies conducted on tomato can be easily 
applied to these plants from the Solanaceae family and specifically for 
fleshy-fruited plants (Kimura and Sinha 2008). Tomato is a leading 
greenhouse vegetable crop in many countries. The greenhouse 
production makes the cultivation of tomatoes possible in the most 
northern lands all year round. The Rogaland district is an extremely 
important area for greenhouse production in Norway. According to the 
statistics form “Regional plan for agriculture in Rogaland 2011”, it was 
harvested 930700 kg tomatoes in 2009 in Rogaland which makes up 86% 
of all tomato production in the country and 10 656 837 kg tomatoes in 
2010 which makes up 85% of all tomato production.  Among cucumber, 
corn, potato and vegetables, tomatoes take a leading place in the list of 
the vegetable crop production in Norway. So, Rogaland can rightly be 
called a tomato province in Norway. Following the national objective to 
exclude all use of fossil energy in the greenhouse industry by 2030, the 
main challenge in Rogaland will be to reorganize the greenhouse 
industry so that it could function only on renewable energy sources. In 
addition to the transition to renewable energy sources, energy reduction 
can be achieved by better isolation and improved ventilation systems as 
well as by using more energy-efficient machinery. Numerous 
technologies have been recently developed that can reduce the use of 
fossil energy up to 100% and the total energy use up to 80%, using 




technologies will require drastic reductions in greenhouse ventilation 
(closed/semi- closed greenhouse), which will have serious consequences 
for the greenhouse climate and thus for plant production and product 
quality. Little is known about how to take advantage of such technologies 
to attain high yield and quality under Norwegian conditions. The use of 
plant growth-promoting microorganisms could play a significant role in 
the adaptation of greenhouse plants to the challenging conditions in 
greenhouses. Already one hundred years ago, the German scientist 
Lorenz Hiltner hypothesized that quality of plant products, their 
resistance to infections and diseases may be dependent on the microbial 
composition of the soil (Hartmann et al. 2008). Nowadays, PGPR and 
AMF are sold and used as bio-fertilizers in Brazil, Argentina, Mexico, 
Italy, France, Australia, Pakistan, Germany, the USA, Africa, Belgium, 
India and Uruguay (Reis et al. 2011; Rodrigues et al. 2015). In Norway, 
the application of bio-fertilizers could be considered in greenhouses. 
This opportunity is now being studied in the laboratory of Professor Lillo 
in the Centre for Organelle Research (CORE) at the University of 
Stavanger in collaboration with NIBIO, Særheim. However, harnessing 
the symbiosis between such microorganisms and plants requires deep 
knowledge with applications of gene technologies. The PP2A protein 
complex important for adaption to various environmental conditions 
(bacterial and fungal invasions, drought and lack of nutrients)  has been 
studied for several years in the laboratory of  Professor Lillo (Lillo et al. 
2014). So far, all the PP2A work has been carried out with the model 
plant Arabidopsis. A certain regulator of PP2A called B’φ regulatory 
subunit is expected to play an important role in tomato regarding 
interaction with microorganisms (Booker and DeLong 2017; Charpentier 
et al. 2014). Therefore, the main goal of the current project is to reveal if 
PP2A and, in particular, its regulatory subunit B’φ are involved in the 
interactions with the plant growth-promoting microorganisms on the 






3 Main objectives 
To explore whether PP2A is involved in beneficial plant-microbe 
interaction, the following research objectives were established: 
• Assay PP2A activity in Arabidopsis WT and mutant lines with 
mutations targeting the PP2A catalytic subunits and regulator 
proteins, and identify the genotypes exhibiting a significant 
alteration in the PP2A activity compared with that in WT. 
• Study the phenotypic response of the identified mutants to 
inoculation with PGPR. 
• Based on the knowledge available from PP2A studies on 
Arabidopsis, tomato, and some other model plants, define PP2A 
subunits for gene expression analysis in tomato roots subjected 
to inoculation with PGPR and AMF.  
• Collect and evaluate data from the gene expression analysis of 
B’φ and other PP2A subunits presumably associated with plant-
microbe interaction in order to outline specific PP2A subunits 
involved in beneficial plant-microbe interactions in tomato. 
• Deduce the physiological role of the regulatory subunit B’φ in 
tomato by the gene expression analysis in different plant tissues 
under various growing conditions and in roots stimulated by 
PGPR and AMF. 
• Supplement the B’φ research with a comprehensive study of 
transgenic tomato plants overexpressing B’φ covering the 
characterization of the phenotype and response to AMF. 
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4 Materials and methods 
4.1 Chemicals and commercial kits 
Table 2. Chemical and commercial kits  
Commercial kit Manufacturer 
Serine/Threonine Phosphatase Assay Kit  Promega, USA 
GenElute Plasmid Miniprep kit Sigma, USA 
Illustra GFX PCR DNA and Gel Band 
 Purification Kit 
GE Healthcare, England 
pGEM®-T Easy Vector System Promega, USA 
 Expand high fidelity PCR system Roche, Mannheim, Germany 
RNeasy® Plant Mini Kit Qiagen, Hilden, Germany 
 T4 DNA Ligase 3U/µl with 10xCutSmart buffer  Promega, USA 
 Restriction enzymes: SpeI and XhoI  Biolabs, USA 
 Phire® Plant Direct PCR Kit Thermo Fisher Scientific, 
Waltham, USA 
 SuperScript™ VILO™ cDNA Synthesis Kit Invitrogen by Thermo Fisher 
Scientific, USA 
 DreamTaq DNA Polymerase Kit Thermo Fisher Scientific, Vilnius 
Lithuania 
 HyperLadder™ 1kb Bioline, USA 
 GelRed® Nucleic Acid Gel Stain Biotium, USA 
 
4.2 Plant material 
4.2.1 Arabidopsis thaliana 
In this study, plants of Arabidopsis thaliana Columbia ecotype (Col-0) 
were used as wild-type (WT) plants. The following T-DNA insertion 
mutant lines with Arabidopsis thaliana (Col-0) as background were 
studied: lcmt-1 (SALK_079466 (Alonso et al. 2003); ptpa  over-
expressor (ptpa ox) (4.5x) (GABI_606E07), pme1 knockout line 
(insertion in At4g10050 intron 10, GK_804C11) (Creighton et al. 
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2017b); b’α (SALK_077700); b’β (SALK_151740C); b’γ 
(SALK_039172); b’ζ (SALK_107944); b’θ  (SAIL_300_B01) from the 
European Arabidopsis Stock Centre in Nottingham, UK (Kleinboelting 
et al. 2012). The homozygous mutant selection was performed via PCR 
using primers recommended at the SALK institute website SIGnAL 
available from http://www.signal.salk.edu/tdnaprimers.2.html. T-DNA 
insertions in each of the PP2A-C genes were identified in the TAIR and 
SIGnAL databases (http://signal.salk.edu; www.arabidopsis.org). The T-
DNA insertion lines for c1 (SALK_102599), c4 (SALK_035009), c5 
(SALK_139822) and c3 (SAIL_182_A02) were obtained from the 
Arabidopsis Biological Resource Center (ABRC) (Ballesteros et al. 
2013). The c2 line, originally identified and characterized in the 
Wassilewskija ecotype (Pernas et al. 2007), was introgressed into Col-0 
after six sequential crosses (Ballesteros et al. 2013). The double mutants 
c2c4, c2c5 and c4c5 were received from Departamento de Genetica 
Molecular de Plantas, Centro Nacional de Biotecnologia CSIC, Madrid, 
Spain (Ballesteros et al. 2013). The c2c4 and c2c5 mutants were obtained 
by crossing c2 (Col-0) with c4 or c5 respectively; c4c5 was obtained by 
crossing c4 with c5 (Ballesteros et al. 2013; Creighton et al. 2017b). 
4.2.2 Solanum lycopersicum  
Plants of Solanum lycopersicum cv. Heinz (tomato) were used in the 
PGPR and AMF studies and in the Agrobacterium-mediated 
transformation protocol to deduce the physiological role of the B’φ gene. 
4.3 Bacterial strains 
4.3.1 Plant growth-promoting rhizobacteria 
Azospirillum brasilense Sp245 wild-type strain (Spaepen et al. 2014) and 
its ipdC-knockout mutant FAJ0009 (Sp245 ipdC::Tn5), impaired in 
auxin biosynthesis capacity because of knock-out mutation in the key 
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gene for auxin biosynthesis Indole-3-pyruvate decarboxylase (ipdC) 
(Costacurta et al. 1994; Spaepen et al. 2007), were kindly provided by 
Laurent Legendre and Claire Prigent-Combaret at the University of 
Lyon1, France. 
Pseudomonas simiae (formerly Pseudomonas fluorescens)  
WCS417r - a rifampicin-resistant mutant of the biocontrol strain 
Pseudomonas simiae WCS417 originally isolated from the rhizosphere 
of wheat grown in Brasil (Pieterse et al. 1996), was kindly provided by 
Corne´ M.J. Pieterse and I.A. Hans van Pelt from Plant-Microbe 
Interactions, Department of Biology, Faculty of Science, Utrecht 
University, The Netherlands. 
4.3.2 Escherichia coli 
JM109 strain of E. coli (Sigma-Aldrich, USA) has a high transformation 
efficiency. JM109 cells are suitable for bacterial transformations and 
recover high-quality plasmid DNA. JM109 strain contains mutations in 
recA1 and endA1 genes. These mutations aid in minimizing 
recombination and ensuring plasmid stability. This strain was used for 
subcloning of the coding region of PP2A-B’φ. JM109 was kindly 
provided by Dr. Amr Ramzy Abass Kataya, CORE, Norway.  
 
4.3.3 Agrobacterium tumefaciens 
Agrobacterium tumefaciens is living in soil, Gram-negative bacterium 
that widely used by biotechnologist for plant transformation due to its 
ability to transfer a foreign DNA to the plant genome (Slater et al. 2008). 
ABI-1: The ABI-1 strain is a derivative of the well-known 
GV3101 strain (pMP90RK) (Ruan et al. 2018).  ABI-1 carries a helper 
plasmid (Ti-plasmid) with the virulence genes required for T-DNA 
transfer and kanamycin resistance marker. It also possesses the RK2 
replicase and the trf gene required for plasmid replication and rifampicin 
resistance marker on the chromosome. This strain was transformed with 
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the cloning vector pBA002 harbouring the coding region of PP2A-B’φ 
and used for in-planta transformation of tomato. Kindly provided by Dr. 
Amr Ramzy Abass Kataya, CORE, Norway.  
 
4.4 Inoculum of arbuscular mycorrhizal fungi 
(AMF) 
The inoculum of AMF was obtained from the granular formulation under 
a commercial name “Rootgrow” (PlantWorks Ltd, Sittingbourne, UK) 
containing propagules of spores, hyphal and root fragments colonized by 
Funneliformis mossaeae, F. geosporus, Claroideoglomus claroideum, 
Glomus microagregatum, Phizophagus irregularis (Bona et al. 2017). 
 
4.5 Cloning vector 
The cloning vector pBA002 was used for the tomato transformation in 
Agrobacterium-mediated DNA (T-DNA) transfer binary system. This 
binary vector contains a T-DNA region for the transgene insertion, the 
cauliflower mosaic virus (CaMV) 35S promotor, which drives the 
expression of a transgene at a high level in dicotyledons and considered 
to be expressed in all plant tissues (Slater et al. 2008).  The nopaline 
synthase (nos) gene is used as a terminator to ensure a correct position 
of the transgene transcription. The pBA002 vector also carries 
spectinomycin marker for selection in bacteria and the herbicide 
phosphinothricin (PPT) or glufosinate-ammonium (or more common 
under trade name Basta) resistance for selection in plants. The genes 
which are responsible for resistance to spectinomycin and Basta are the 
enzyme aminoglycoside-3"-adenyltransferase (Svab et al. 1990) and 
PPT resistance gene (bar) encoding the enzyme phosphinothricin 
acetyltransferase (Slater et al. 2008) respectively. This vector was kindly 
provided by Prof. Simon G Møller, CORE, Norway. 




4.6.1 Surface sterilization of seeds 
 Arabidopsis seeds 
For surface sterilization of seeds, saturated solution of calcium 
hypochlorite (Ca(ClO)2) was prepared by adding 250 mg of Ca(ClO)2 to 
25 ml of distilled water with one drop of Tween-20. The mixture was 
shaken vigorously and left to settle down to obtain a supernatant. The 
supernatant was mixed with 95% ethanol to obtain ≈ 0.1% (v/v) 
Ca(ClO)2 in ethanol.  0.1 ml of seeds were placed in a 1.5 ml Eppendorf 
tube for treatment with 1 ml of 0.1% (v/v) Ca(ClO)2 for 5 min followed 
by three washes with 95% ethanol. After the last removal of ethanol, the 
seeds were left with an open lid to dry overnight in a laminar flow 
cabinet. Thereafter, the tubes were tightly closed and sealed with para-
film.  
 Tomato seeds 
Seeds of S. lycopersicum cv. Heinz were surface sterilized with 75% 
ethanol for 1 min and 15% hydrogen peroxide for 15 min, rinsed 5 times 
with autoclaved distilled water. The sterilized seeds were sown in an 
appropriate medium right after the sterilization. 
4.6.2 PP2A activity study 
 Chemicals and buffers 
To perform the PP2A activity assay, Serine/Threonine Phosphatase 
Assay Kit (Table 2) was used. The buffers prepared for the assay are 
listed in Table 3. The procedure was performed in 50 µL reactions 
according to the protocols and recommendations provided by the 
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manufacturer (Promega 2009) using OA as a specific PP2A inhibitor. 
The details of the procedure are described in the below subchapters.  
Table 3. Solutions and buffers for PP2A activity assay. 
Buffer or solution name Buffer/solution composition  
Column storage buffer (Promega 2009) 10 mM Tris (pH 7.5) 
1mM EDTA 
Column calibration buffer (Promega 2009) 0.05 M Tris (pH 7) 
0.1 mM EDTA (pH 8) 
2 mM DTT (1,4-Dithiothreiol) 
Extraction buffer (Chen et al. 2014; McAvoy 
and Nairn 2010) 
 
0.05 M Tris (pH 7) 
0.1 mM EDTA (pH 8) 
2 mM DTT 
0.01% (w/v) Brij 35 
10 x reaction buffer (Promega 2009) 
 
0.5 Tris (pH 7) 
2 mM EDTA 
0.2% (v/v) 2 – Mercaptoethanol 
1 mg/ml BSA (Bovine serum 
albumin) 
Phosphorylated peptide (RR(pT)VA) 0.1 mM (Promega,Madison, WI, 
USA) 
Okadaic acid stock solution  
 
0.1 mM Okadaic acid sodium salt 
(Sigma-Aldrich, U.S.) 
Quick StartTM Bradford 1xDye reagent   Premixed (Bio-Rad, USA) 
 
 Plant material and growing conditions for Arabidopsis 
4.6.2.2.1 Standard cultivation in soil 
Seeds were sown in soil (3 parts of potting soil and 1 part of vermiculite) 
and stratified in the dark at 4°C for three days prior to cultivation under 
artificial light at 22°C and 12 h light/12 h dark regimen.  On the day of 
harvesting the plants were exposed to artificial light for 3 h. The young 
and mature leaves of rosette stage plants were harvested 6 weeks after 
germination, quickly frozen in liquid nitrogen, pulverized and stored at -
80°C until use. 
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4.6.2.2.2 Standard cultivation on ½ MS  
Surface-sterilized seeds of Arabidopsis were sown (approximately 70 
seeds per plate) in square Petri dishes (120 mm x 120 mm) with agar-
solidified medium (1/2 MS, 1% sucrose, 0.7% agar, pH 5.8) (Murashige 
and Skoog 1962) (Appendix, Table A1). The plates were placed in the 
dark at 4°C for 3 days for stratification before cultivation under artificial 
light with 16 h light/8 h dark regimen and 22 ⁰C. The seedlings were 
harvested 10 days after germination either in whole or in separate as roots 
and shoots. The harvested plant tissue was immediately ground in liquid 
nitrogen in a pre-cooled mortar, aliquoted in 1.5 mL Eppendorf tubes and 
stored at – 80 °C until use. 
4.6.2.2.3 Cultivation with bacteria 
Surface-sterilized seeds of Arabidopsis were sown (approximately 70 
seeds per plate) in square Petri dishes with agar-solidified medium (1/2 
MS, 1% sucrose, 0.7% agar, pH 5.8). The plates were placed in the dark 
at 4°C for 2 days for stratification prior to cultivation at a 16-h 
photoperiod for 5 days at 25 °C. To study the effect of the bacteria-plant 
interactions on PP2A activity, the seedlings were transplanted to new 
plates (70 seedlings per plate) with agar-solidified medium inoculated 
with corresponding bacterial strain as in 4.6.2.2.4 and 4.6.2.2.5. All the 
plants were cultivated under artificial light with 16 h light/8 h dark 
regimen and 22 °C for 14 days with subsequent harvesting and storage 
at – 80 °C. 
4.6.2.2.4 Preparation of plates inoculated with Pseudomonas simiae 
WCS417r 
P. simiae WCS417r  was cultured on King B medium (King et al. 1954) 
added 50 μg/ml of rifampicin at 28 C° overnight. The grown colonies 
were loosened in 10 ml of 10 mM MgSO4 (Pieterse et al. 1996; Van 
Wees et al. 2013). The bacterial solution was collected into a 15 ml 
Falcon tube and centrifuged at 4000 g for 5 min with 2 subsequent 
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washes in fresh 10 ml of 10 mM MgSO4 and centrifugation at 4000 g for 
5 min. After the last wash, the supernatant was removed and the pellet 
was resuspended in fresh 10 ml of 10 mM MgSO4, followed by 
measuring OD600  and diluting to OD600 ≈ 0.005 or 10
5 cells/ml 
(Verhagen et al. 2010). 500 µL of the bacterial suspension was evenly 
spread on square Petri dishes (120 mm x 120 mm) with agar–solidified 
medium (1/2 MS, 0.5% sucrose, 0.7 % agar, pH 5.8) and left to dry for 
30 min prior to seedling transplantation. Control plates were evenly 
coated with 500 µL of 10 mM MgSO4. 
4.6.2.2.5 Preparation of plates inoculated with Azospirillum brasilense 
Sp245 and FAJ0009 
A. brasilense Sp245 and FAJ0009 were cultured on Luria-Bertani (LB) 
agar supplemented with 2.5 mM CaCl2 and 2.5 mM MgSO4 at 37 C° for 
48 hours. For FAJ0009, 50 μg/ml kanamycin was added to the growth 
medium.  The grown colonies were loosened and dissolved in 10 ml of 
10 mM MgSO4. The bacterial suspension was collected into a 15 ml 
Falcon tube and centrifuged for 5 min at 4000 g and 16 C°, the 
supernatant was removed, and the cells were resuspended in 10 ml of 
0.85% NaCl and centrifuged under the same conditions. The supernatant 
was removed, and the cells were resuspended in another 10 ml of 10 mM 
MgSO4 followed by measuring OD600. The suspension was diluted to 
obtain OD600 ≈0.05 or 10
6 cells/ml (Spaepen et al. 2014). 500µl of the 
bacterial suspension was spread evenly on square Petri dishes (120 mm 
x 120 mm) with agar–solidified medium (1/2 MS, 1 % sucrose, 0.7 % 
agar, pH 5.8) and left to dry for 30 min prior to the seedling 
transplantation. Control plates were evenly coated with 500 µL of 10 
mM MgSO4.  
 Sample preparation for PP2A activity assay 
The pulverized frozen plant tissue (≈ 0.1 g) was added 400 µl of the 
extraction buffer, the mixture was vigorously vortexed and incubated on 
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ice for 30 min combined with vortexing for 1 min from time to time. 
After the incubation, the samples were centrifuged at 17 000g (or 
maximum speed) for 60 min at 4 °C. 250 µl of the supernatant was loaded 
into a prepared spin column provided in the kit and eluted by 
centrifugation at 600 g for 5 min at 4 °C. The collected eluate was 
transferred to a new Eppendorf tube and kept on ice until use.  
 Protein quantification assay 
The amount of total protein in extracts was quantified 
spectrophotometrically by Bradford protein assay (Bradford 1976; Bio-
Rad n.d.) following a 1 ml cuvette assay format (Bio-Rad n.d.). A 
standard curve was created by plotting the 595 nm values (y-axis) versus 
the standard protein (BSA) concentrations (1250; 1000; 750; 500; 250; 
125 µg/ml) (x-axis). Prior to absorbance reading at 595 nm, 10 μl of each 
protein extract was mixed with 1 ml of  Quick StartTM Bradford 1xDye 
reagent (Table 3) and left for the colour development at room 
temperature for 5 min. The protein concentration was calculated by the 
equation of the standard curve, typically y = x + 0.1 and multiplied by 
the dilution factor of 2.  Thus, the volume of each extract necessary for 
one reaction was calculated considering 5 µg of protein per 50 µl of the 
reaction mixture. 
 PP2A activity assay 
To study PP2A activity, the reaction mixtures were prepared in 1.5 mL 
Eppendorf tubes as follows: phosphate-free water up to 50 µl, 5 µL of 
10xreaction buffer, desalted extract (volume calculated considering 5 µg 
of total protein per one reaction) and 5 µL of 1 mM phosphopeptide 
(RRA(pT)VA). Reaction mixtures were incubated at 37 °C for 5 min and 
the reaction was terminated by adding 50 µL of the molybdate dye. The 
reaction mixtures terminated at time zero were used as controls. In 
reactions with OA, 0.1 or 0.25 μl of 1 μM  OA solution was added to the 
reaction mixtures to reach 2 or 5 nM concentration of OA respectively 
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(Cohen et al. 1989). All the reaction mixtures were vortexed and pipetted 
into a corresponding well on a 96-well plate for incubation at room 
temperature for 15 min prior to the absorbance reading at 630 nm 
(Promega 2009). After the absorbance screening at 630 nm the 
absorbance values were converted into corresponding amounts of free 
phosphate using a trend line equation of the standard curve (Promega 
2009). PP2A activity was calculated as the difference of phosphate 
released with and without OA. 
4.6.3 Phenotype study of bacteria-plant interactions 
 Growing conditions for plants 
Surface-sterilized seeds of Arabidopsis were sown on square Petri dishes 
(plates) (120 mm x 120 mm) agar-solidified medium (1/2 MS salts, 1% 
sucrose, pH 5.8, 0.8% agar). The plates were placed in the dark at 4°C 
for 2 days for stratification prior to cultivation under artificial light with 
16 h light/8 h dark regimen and 22 ⁰C for 5 days. To study the plant-
bacteria interaction, the 5-day-old seedlings were then transferred to new 
plates (5 plants per plate) with bacteria-inoculated ½ MS medium 
composed specifically for each type of bacteria (Table 4).  
Table 4. Medium composition for plant-bacteria co-cultivation. 
Type of bacterium Medium composition 
Pseudomonas 
WCS417r 
1/2 MS salts, 0,5 % sucrose, pH 5.8, 0.8% agar (Verhagen 




1/2 MS salts, 1% sucrose, 0,05% MES (2-(N-Morpholino) 
ethanesulfonic acid), pH 6.0, 0.8% agar (Spaepen et al. 
2014) 
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 Inoculation of agar plates with P. simiae WCS417r 
The mutant lines including WT, c4, lcmt-1 and ptpaox were inoculated as 
described in 4.6.2.2.4. For the c2c5, c2c4 and c4c5 and b’-mutants, the 
inoculation volume and inoculum concentration were changed from 500 
to 300 µL or from 105 to 2x104 cells/ml respectively due to changed light 
conditions. To study the phenotype response of Arabidopsis, 5-day-old 
seedlings grown as in 4.6.3.1 were transplanted to a fresh medium with 
an appropriate bacterial strain and cultivated for two weeks. Plants with 
a respective genotype grown on not inoculated medium were used as 
controls. 
 Inoculation of agar plates with Azospirillum strains 
For WT, lcmt-1, ptpaox and c4, the bacterial suspensions of Azospirillum 
Sp 245 and FAJ0009 were prepared as in 4.6.2.2.5 with the final 
concentration of OD600 =1 or 5x10
8 cells/ml in 10 mM MgSO4. One 
volume of this suspension was mixed with 9 volumes of warm (45 ⁰C) ½ 
MS medium (Table 4). 10 ml of the mixture was poured on 30 ml of 
already solidified ½ MS medium and allowed to solidify.  
For WT, c2c5, c2c4 and c4c5, the bacterial culture of 
Azospirillum Sp245 and FAJ0009 was grown as in 4.6.2.2.5. The 
appeared colonies were used to produce an overnight culture in 5 ml of 
liquid Luria-Bertani (LB broth) supplemented with 2.5 mM CaCl2, 2.5 
mM MgSO4 and 50 mg/L kanamycin whenever needed and incubated at 
37 C° shaking at 180 rpm overnight. The overnight culture (0.1 ml) was 
subcultured in 50 ml of supplemented LB broth and incubated under the 
same conditions.  On the following day, the bacterial suspension was 
collected in a 50 ml Falcon tube and centrifuged at 4000 x g for 5 min at 
16 C°. After removing the supernatant, the pelleted bacteria was re-
suspended in 10 mM MgSO4 and prepared as for WT, lcmt-1, ptpaox and 
c4. Plants with a respective genotype grown on not inoculated medium 
were used as controls. The control Petri dishes were prepared in the same 
manner but using 10 mM MgSO4 instead of the bacterial suspension. 
Materials and methods 
29 
 
  Chlorophyll measurement 
Five shoots from each plate were weighted and thoroughly ground with 
2 ml of 96% ethanol in a mortar. The obtained suspension was 
transferred to a 2 ml collection tube and centrifuged for 1 min at 21000 
g. Prior to measuring absorbance at 654 nm, 300 µl of the supernatant 
was diluted with 1.2 ml of 95% ethanol. The chlorophyll content was 
calculated as A 654 × 1000/39.8× extraction volume (ml) /weight of fresh 
tissue (mg) × dilution factor of 5 = µg chlorophyll per mg leave tissue 
(Wintermans 1965). 
 Quantification of root system 
The root length, root thickness and number of lateral roots of Arabidopsis 
plants were measured using Image-J, a public domain Java image 
processing program available from https://imagej.nih.gov/ij/ 
download.html. 
4.6.4 Agrobacterium-mediated transformation of 
tomato 
 Vector construction  
To construct a cloning vector harbouring PP2A-B’φ over-expressor (ox), 
the coding region of PP2A-B’φ including intron from S. lycopersicum 
cv. Heinz (NCBI Reference Sequence: LOC101256045) was amplified 
by Expand High Fidelity PCR System (Roche 2011) using flanking 
primers B’φ_XhoI (5’-TAGCACTCGAGATGACAAATTTTCTTGAT 
TCTGAGACAG-3’) and B’φ_SpeI (5’-CCACTAGTTCACATTGCTG 
CATTTTCAATTTTTTCCC-3’) containing XhoI and SpeI restriction 
sites underlined in the nucleotide sequences. The resulting PCR product 
of 1505 bp including the side overhangs was separated on an agarose gel 
and purified with Illustra GFX PCR DNA and Gel Band Purification Kit 
(Table 2) according to the manufacturer’s guidelines.  The purified PCR 
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product was subjected to A/T ligation with pGEM-T vector using 
pGEM®-T Easy Vector System (Table 2) following the manufacturer’s 
protocol. After ligation, the pGEM-T-PP2A-B’φ plasmid was used in the 
transformation of E. coli JM109, see 4.6.4.2. The transformants were 
screened for the PP2A-B’φ insert on LB agar with ampicillin/IPTG/X-
Gal and then by PCR using forward vector-specific primer (T7) and 
reverse PP2A-B’φ-specific primer (Appendix, Table A3). The positive 
colonies were minipreped using GenElute Plasmid Miniprep kit (Table 
2) with subsequent sequencing in Microsynth Seqlab (Germany). The 
minipreped pGEM-T-PP2A-B’φ and pBA002 vectors were digested with 
XhoI and SpeI restriction enzymes (the protocol was generated online at 
https://nebcloner.neb.com/#redigest) with subsequent ligation using T4 
DNA Ligase (Table 2) according to the manufacturer’s protocol. The 
ligation product was verified by PCR and used in the transformation of 
E. coli JM109, see 4.6.4.2. The transformants were selected on LB agar 
with 50 μg/ml spectinomycin as a selective marker and subjected to 
colony PCR using the forward pBA002-spesific primer and the reverse 
PP2A-B’φ-specific primer (Appendix, Table A3). The positive colonies 
were subcultured in 5 ml of liquid LB medium to amplify the plasmid 
DNA. The plasmid DNA was then isolated as minipreps (GenElute 
Plasmid Miniprep kit) and sent for sequencing to Microsynth Seqlab 
along with PP2A-B’φ- and pBA002-specific primers (Appendix, Table 
A3). The sequencing reactions provided verification of the whole 
sequence of the DNA-insert which showed to be 99% identical because 
of three mismatches between the theoretical and obtained DNA-insert 
sequences of the PP2A-B’φ gene.  
 Transformation of competent E. coli cells 
Competent E. coli JM109 were prepared as described by Chung et al. 
(1989) and stored at -80 C⁰. Ice-cold competent cells (75 µl) were thawed 
on ice and mixed with 7.5 µl of the ligation product, see 4.6.4.1, by 
swirling the pipet tip in the cell mixture and carefully pipetting up and 
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down once. Following the incubation on ice for 30 min, the mixture was 
heated at 42 °C for 50 sec and cooled down on ice for 3 min. Then the 
cell culture was added 0.925 ml of LB broth and incubated at 37 °C for 
2 h in a shaker at 250 rpm with subsequent inoculation on LB agar with 
X-Gal/IPTG/Amp for pGEM-T-PP2A-B’φ or on LB agar with 50 μg/ml 
of spectinomycin for pBA002-PP2A-B’φ plasmid prior to incubation at 
37 °C overnight.   
 Colony PCR 
Direct colony PCR was used to confirm the successful plasmid transfer 
into E. coli or A. tumefaciens colonies. In the case of E. coli JM109, a 
small amount of a colony was directly added and mixed well with the 
PCR reaction. In the case of  A. tumefaciens ABI-1, small amount of 
colony was diluted in 10 µl distilled water and incubated for 3 min at 100 
C° (Weigel and Glazebrook 2002) prior to adding to a PCR reaction. The 
PCR reactions were performed with the PP2A-B’φ- and pBA002-
specific primers (Appendix, Table A3) and the DreamTaq DNA 
Polymerase (Table 2) according to the manufacturer’s guidelines.  
 Transformation of competent A. tumefaciens 
Competent cells of  A. tumefaciens ABI-1 were prepared using calcium 
chloride preparation of Agrobacterium competent cells (Tuominen 
2008). Shortly, 2 ml of ABI-1 overnight LB-culture was subcultured in 
fresh 50 ml of LB broth with 50 µg/ml kanamycin, incubated at 28 C° 
for 4 hours until the concentration had reached >108 cells/ml. The 
bacterial culture was chilled on ice with subsequent centrifugation at 
6000 g for 10 min at 4 C°. The pellet was resuspended in 1 ml of ice-
cold 20 mM calcium chloride. The competent cells were snap-frozen in 
liquid nitrogen and stored at –80 C⁰ as 0.1 ml aliquots. The cloning 
vector pBA002-PP2A-B’φ was transferred into the competent bacteria 
cells via the freeze-thaw procedure (Holsters et al. 1978).  Shortly, the 
thawed-on ice competent cells of ABI-1 were added 1 µg of the 
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minipreped cloning vector. The mixture was snap-frozen in liquid 
nitrogen for 5 min and then heated by incubating at the 37 C° in a water 
bath for 15 min with subsequent adding 500 µL LB broth the tubes and 
incubating at 28 C° for 2-4 h. After incubation, the bacterial culture was 
plated on LB agar supplemented with 50 µg/ml kanamycin and 
spectinomycin and incubated at 28 C° for 48 h. 
 Plant material for transformation 
Surface-sterilized seeds of tomato were sown on square Petri dishes (120 
mm x 120 mm) with agar-solidified medium (4.3 g/l MS salts (Sigma-
Aldrich, USA), 3% sucrose, 0.8 % agar, pH 5.8) and cultivated at 22 °C 
for 20 days or until the cotyledons completely opened. Three days before 
transformation the hypocotyls were cut in 7-10 mm fragments (explants) 
and placed on pre-culture medium (MS salts, 3 % sucrose, vitamins, 
0.5mg/L IAA, 1 mg/l BAP, 0.7% agar, pH 5.8) (Chetty et al. 2013) and 
incubated for 72 hours in the dark at 27 °C (Pawar et al. 2013; Sun et al. 
2015).  
  Preparation of bacterial culture for tomato 
transformation 
Three days prior to the tomato transformation, 5-ml of LB broth 
supplemented with 50 μg/ml of kanamycin and 50 μg/ml spectinomycin 
was inoculated with A. tumefaciens ABI-1 carrying the  pBA002-PP2A-
B’φ plasmid (4.6.4.4) and incubated at 28 °C on a shaker at 200 rpm for 
2 days. After 2 days, 1 ml of the above culture was subcultured in 100 
ml of LB broth containing the same antibiotics and incubated for another 
24 h under the same conditions until OD600 reached 1. Following 
incubation, the bacterial culture was centrifuged at 5000 rpm for 10 min, 
the pellet was resuspended in liquid MS medium (Sun et al. 2015) to 
OD600 = 0.2  (Pawar et al. 2013) and used for the tomato transformation.  
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  Tomato transformation 
On the day of transformation, all the explants (4.6.4.5) were immersed 
in Agrobacterium suspension (4.6.4.6) and shaken with circular 
movements for 20 min at room temperature. The blotted explants were 
dried with autoclaved filter paper, transferred to the co-cultivation 
medium (MS salts, vitamins, 3%  sucrose, 0.7 % agar, 0.5 mg/L IAA and 
1 mg/l BAP) and incubated for 2 days in the dark at room temperature 
(Sun et al. 2015; Chetty et al. 2013). Later, the explants were placed on  
the shoot induction medium (SIM) (MS salts, vitamins, 3% sucrose, 0.7 
% agar, 250 mg/l cefotaxime, 250 mg/l carbenicillin, 10 mg/l BASTA, 
0.5 mg/L IAA and BAP 2 mg/l ) for further cultivation at 22 °C with 16 
h photoperiod for 90 days changing SIM each 30 days. Explants 
developing Basta-resistant calli produced shoots. The shoots were 
excised from the calli and transferred to the root induction medium 
(RIM) (MS salts, vitamins, 3% sucrose, 0.7 % agar, 250 mg/l cefotaxime, 
250 mg/l, carbenicillin, 0.5 mg/L IAA, 10 mg/l BASTA) and cultivated 
for 30 days.  Non-differentiated cells were transplanted to a fresh SIM 
for further cultivation and growth with a subsequent transfer to RIM. 
Plants developed from the tomato explants with 3 cm high shoots and at 
least 1 cm long roots were then transferred either to vermiculite or soil 
and watered with an appropriate Hoagland solution or water weekly. The 
transformed plants were considered as b’φox (F0 progeny) and used for 
the seed harvesting, phenotype study, AMF colonization and gene 
expression analysis.  
  Growing conditions of WT and transgenic plants for the 
seed collection 
Plants developed from the tomato cv. Heinz explants as described in 
4.6.4.7 were genotyped with the Phire® Plant Direct PCR Kit (Table 2) 
according to the kit manual. The positives were transferred first to 
vermiculite and after two months of cultivation to soil for seed 
production. All the transgenic plants were cultivated at 22 °C, under 
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artificial light with 12 h light/12 h dark regimen and watered with 
Hoagland solution weekly. The WT plants were cultivated in soil under 
the same conditions but at 16 h light/ 8 h dark regimen.  The tomato fruits 
were harvested as soon as they looked ripen with abscission layer formed 
between the calyx and the fruit. Nine transgenic lines were obtained. The 
harvested seeds were sorted by line numbers and stored for various 
studies. 
4.6.5 Plant genotyping and transgene detection 
All the transgenic plants were genotyped for the 35S:PP2A-B’φ insert 
using Phire® Plant Direct PCR kit (Table 2) before any analysis. The 
harvesting of leave tissue was performed according to “Dilution 
protocol” and the PCR program was worked out following the 
manufacturer’s recommendations. The primers, PCR program and 
expected PCR products are shown in Appendix, Table A3. The PCR 
products were separated on 1.2% agarose gel at 90V for 40 min and 
visualized using ChemiDoc imaging system (Bio-Rad). 
4.6.6 Tomato growing conditions for various studies 
  Standard growing conditions and plant material for gene 
expression analysis in different plant organs 
Tomato plants were grown in soil (75% potting soil and 25% 
vermiculite) in 0.5 L plastic plant pots or in double autoclaved 
vermiculite in 0.4 L standard Magenta boxes at 22 °C and under artificial 
light with 16 h light/8 h dark regimen, watered weekly with tap water 
and (only for vermiculite) monthly with Hoagland solution. On the day 
of harvesting, each plant was carefully pulled out from the box to strip 
the root. The root tissue was detached and snap-frozen in liquid nitrogen 
with subsequent storage at – 80 °C until used in the gene expression 
analysis. The young leaves and flower buds of 5-12 mm were harvested 
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and snap-frozen in liquid nitrogen at the same time. The plant tissue was 
kept at – 80 ⁰C until used in the gene expression analysis. 
 Growing conditions for plants inoculated with PGPR for 
gene expression analysis 
WT tomato plants were grown in 0.4 L standard Magenta boxes with 
double autoclaved vermiculite at 22 °C and under artificial light with 16 
h light/8 h dark regimen and watered weekly with Hoagland solution and 
with tap water whenever needed. On the 41st day after sowing, the plants 
were inoculated with 50 ml of corresponding bacteria suspended in 10 
mM MgSO4 as described in 4.6.2.2.4 and 4.6.2.2.5, with the 
concentration of 5x107  cells/ml for Azospirillum strains and 2.5 x105 
cells/ml for P. simiae WCS417r. The plants added 50 ml of 10 mM 
MgSO4 were used as controls. The root tissue for the gene expression 
analysis was harvested 2 h, 24 h, 1 week and 3 weeks after the 
inoculation.  The plant tissue was snap-frozen in liquid nitrogen with 
subsequent storage at – 80 °C until used in the gene expression analysis. 
To measure the plant growth parameters at the end of the experiment, the 
plants were pulled out from the vermiculite, the roots were washed and 
dried prior to weighing.  
 Growing conditions for plants for AMF experiments  
For cultivation with AMF, 1.5 ml of "Rootgrow" granules were added to 
the planting hole in each pot/Magenta box and covered with small 
amount of soil or vermiculite before sowing tomato seeds or planting 
seedlings. No granules (soil) or triple autoclaved granules (vermiculite) 
were added to the growing medium for control plants. The plants were 
grown at 22 °C and under artificial light with 16 h light/8 h dark (soil) or 
12h light/12 dark regimen (vermiculite) and watered weekly with tap 
water (soil) or Hoagland solution (vermiculite) with ten times reduced 
phosphate concentration (0.1 mM PO4
3- ) for at least first seven weeks or 
until plants showed profound signs of phosphate deficiency to induce the 
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germination of AMF and then watered with regular Hoagland weekly 
(soil and vermiculite). Two weeks prior to harvesting, the plants were 
watered only with tap water. On the day of harvesting, each plant was 
pulled out from the box to strip the root. The root tissue was detached, 
rinsed with tap water and prepared for microscopy on the same day. For 
the gene expression analysis, the detached root tissue was snap-frozen in 
liquid nitrogen with subsequent storage at – 80 °C until use. 
   Growing conditions for plants used for microscopy and 
gene expression studies of b’φox (F0) 
Plants of b’φox lines (F0) described in 4.6.4.7 were transferred to 0.4 l 
Magenta boxes with double autoclaved vermiculite or 0.5 L plastic plant 
pots with soil (75% potting soil and 25% vermiculite). WT plants were 
cultivated in Petri dishes under axenic conditions for 18 days at 22 °C 
and under artificial light with 16 h light/ 8 h dark regimen, transferred to 
a corresponding growing medium and cultivated further in the same 
manner as the transgenic plants. For AMF studies, the plants were 
planted and cultivated as in 4.6.6.3. 
  Growing conditions for phenotyping, microscopy and 
gene expression studies of b’φox (F1) 
Seeds collected from b’φox (F0) and WT plants were sown in double 
autoclaved and properly soaked with tap water vermiculite, cultivated 
under artificial light with 12h light/12 dark regimen, at 22 ⁰C and watered 
with Hoagland solution weekly for 9 weeks. For the gene expression 
analysis, the young leaves from the top of each plant were harvested and 
snap-frozen in liquid nitrogen with subsequent storage at – 80 °C until 
use. The cultivation with AMF and subsequent harvesting of roots for 
microscopy analysis was performed as described in 4.6.6.3 for 
vermiculite. 
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4.6.7 Sample preparation for bright-field microscopy  
The harvested roots were thoroughly washed with tap water, dried with 
a paper tissue, boiled in 10% KOH for 1 min and left in this solution 
overnight at room temperature. On the following day, the roots were 
rinsed 3 times with tap water, dried and dipped in 3.7% solution of 
hydrochloric acid for 2-3 minutes. After removing the acid solution, the 
staining solution was added. The staining solution was prepared as 
follows: lactophenol with trypan blue (25% phenol, 25% lactic acid, 25% 
glycerol, 25 % of 4 mg/ml trypan blue stock solution, final concentration 
was 1 mg/ml or 0.1%) (Weigel and Glazebrook 2002) was added two 
volumes of 95% ethanol. The root tissue was placed in 1.5 ml Eppendorf 
tubes, covered with the staining solution and heated on boiling water bath 
for 1 minute with subsequent incubation on a shaker at room temperature 
for 4-16 hours. After removing the staining solution, the roots were 
covered with the destaining solution (2.5 g/ml chloral hydrate) 
(Vierheilig et al. 2005), incubated for 6 hours at room temperature before 
the solution was replaced with a fresh one and incubated overnight. The 
destaining solution was removed prior to covering the roots with 70 % 
glycerol.  
4.6.8 Estimation or root colonization by AMF 
Three slides with 20 stained root fragments by 5-8 mm from each plant 
were prepared. The stained roots were examined under a light 
microscope with 10x and 100x magnification lenses for AM structures 
such as spores, vesicles and arbuscules. The frequency of AMF 
colonization (F%) was calculated as a percentage of the root fragments 
with AM structures.  
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4.6.9 Semiquantitative RT-PCR analysis of gene 
expression 
A semiquantitative reverse-transcriptase polymerase chain reaction 
(sqRT-PCR) (also called gel-based RT-PCR) is a highly sensitive and 
specific method useful for the detection of rare transcripts as well as to 
assess the expression levels of multiple transcripts from the same RNA 
sample. The gene expression analysis based on sqRT-PCR usually 
consists of several steps: RNA isolation, cDNA synthesis, PCR, 
separation of PCR products by gel electrophoresis, visualization and 
densitometric analysis of amplified PCR products (bands). 
 RNA isolation 
Total RNA from 50-100 mg of frozen plant tissue was extracted using 
RNeasy mini kit from Qiagen (Table 2). Sample handling before RNA 
extraction was performed according to the manufacturer’s guidelines 
(QIAGEN 2012). The isolated RNAs were quantified on NanoDrop 
Spectrophotometer. The RNA extracts were diluted to 100 ng/µl and 
stored at -80 °C if not used on the same day. 
 Reverse transcription 
First-strand cDNA was synthesized from 1 µg of the total RNA using 
SuperScript IV VILO Master Mix (Table 2). The cDNA synthesis was 
performed following the manufacturer’s reverse transcription protocol 
for SuperScript IV VILO Master Mix (with ezDNase enzyme treatment) 
(TFS 2014). The obtained cDNAs were diluted to 12.5 ng/µl and used as 
a template for amplification in PCR for analysing the expression of genes 
listed in Appendix, Table A3. 
 PCR amplification 
Polymerase chain reaction (PCR) was performed in 10 µl reactions using 
DreamTaq DNA Polymerase kit (Table 2). The protocol and program 
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for thermal cycling conditions (Appendix, Table A3) were fulfilled 
according to the manufacturer’s guidelines (TFS 2016).  
 Densitometric gene expression analysis 
The PCR products were separated on 1.2% agarose gels by 
electrophoresis at 90 V, 1.2% and 40 min and visualized using 
GelRed®   fluorescent nucleic acid dye gel. The picture of each gel blot 
was taken in the Bio-Rad ChemiDoc imaging system (Bio-Rad) and the 
amount of each PCR product was quantified with help of Bio-Rad 
Image-Lab 6.0 Software. The expression level of the reference gene 
ACTIN41 was measured three times in each tomato plant and used as an 
endogenous mRNA standard. The averaged value of the band intensities 
from at least three biological replicates (three plants of the same line and 
treatment) was used to calculate a transcript level. Relative quantification 
of the transcript levels was based on the normalization of the target gene 
band densities with respect to an averaged ACTIN41 band density to 
allow comparison of mRNA levels.  
4.6.10 Statistical analysis 
All experimental data were analysed with the Excel statistical package 
(version Microsoft 365). The results were summarized as mean 
±standard error (SE). Student’s t-test (unpaired samples t-test) was 
applied to compare the means of two data sets. A Pearson product-
moment correlation was conducted to determine the strength of a linear 
relationship between PP2A activity and fresh weight changes in 
Arabidopsis WT and mutants caused by PGPR. The correlation was 
assumed as strong whenever the Pearson product-moment correlation 
coefficient (Pearson’s coefficient) (r) was │r│> 0.7 (Akoglu 2018). 
Possible outliers for fresh weight changes were detected by visually 
inspecting the scatter plots of PP2A activity against fresh weight changes 
in Arabidopsis for wayward (extreme) points that bucked the trend of the 
data. 
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4.6.11 Phylogenetic analysis 
To trace evolutionary relationships in terms of common ancestry and 
orthology between tomato and Arabidopsis, a phylogenetic analysis of 
PP2A subunits studied in this research was performed.  The coding 
sequences of PP2A subunits from Arabidopsis (Table 5) were acquired 
from the TAIR database (www.arabidopsis.org/) and NCBI Genbank 
(https://www.ncbi.nlm.nih.gov/genbank/) using TAIR as a primary 
source and the nomenclature described by Lillo C. et al. (2014).  
The protein-coding sequences of PP2A subunits of tomato  ( 
 Table 6) were acquired from International tomato annotation group 
(ITAG) (https://solgenomics.net/) and NCBI Genbank 
(https://www.ncbi. nlm.nih.gov/genbank/) respectively, using NCBI as a 
primary source. The PP2A subunits were named in accordance with the 
data listed in Booker and DeLong (2017) whenever a clear title was 
missing in Genbank. The PP2A-C3 and –C4 subunits were defined using 
the information provided by He et al. (2004) combined with the gene and 
protein multiple sequence alignment performed with online software 
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).  
Table 5. Protein coding sequences of Arabidopsis thaliana used for the phylogenetic tree in 
Error! Reference source not found..  
PP2A subunit AGI locus ID NCBI reference  
AtPP2A-C1 At1g59830 NP_176192.1 
AtPP2A-C2 At1g10430 NP_001322206.1 
AtPP2A-C3 At3g58500 NP_567066.1 
AtPP2A-C4 At2g42500 NP_565974.1 
AtPP2A-C5 At1g69960 NP_177154.1 
AtPP2A-A1 At1g25490 NP_173920.1 
AtPP2A-A2 At3g25800 NP_001326959.1 
AtPP2A-A3 At1g13320 NP_001184981.1 
AtPP2A-Bα At1g51690 NP_001185199.1 
AtPP2A-Bβ At1g17720 NP_849681.1 
AtPP2A-B’η At3g26020 NP_001030770.1 
AtPP2A-B’θ At1g13460 NP_172803.1 
AtPP2A-B’κ At5g25510 NP_197933.1 




 Table 6. Protein coding sequences of tomato used for the phylogenetic tree in Figure 1.  
PP2A subunit ITAG 4.0 ID   NCBI reference   
SolycPP2A-C1 Solyc05g006590.3.1 NP_001234516.2 
SolycPP2A-C2 Solyc01g011340.2 NP_001233804.1 
SolycPP2A-C3 Solyc01g005950.4.1 NP_001334782.1 
SolycPP2A-C4 Solyc01g034020.3.1 XP_004228954.1 
SolycPP2A-C5 Solyc01g073650.3.1 XP_004229332.1 
SolycPP2A-AβI-1 Solyc04g007100.4.1 XP_004236962.1 
SolycPP2A-AβI-2 Solyc04g007100.4.1 XP_010319425.1 
SolycPP2A-AβII-1 Solyc05g009600.4.1 XP_004238945.1 
SolycPP2A-AβII-2 Solyc05g009600.4.1 XP_019069577.1 
SolycPP2A-Aα Solyc06g069180.3.1 NP_001333821.1 
SolycPP2A-Bβ (Clade I) Solyc06g071560.2 XP_004241504.1 
SolycPP2A-Bβ-1 (Clade III)  Solyc12g044800.3.1 XP_010314308.1 
SolycPP2A-Bβ-2 (Clade III) Solyc12g044800.3.1 XP_004252372.1 
SolycPP2A-Bβ-3 (Clade III) Solyc12g044800.3.1 XP_019067115.1 
SolycPP2A-B’θ Solyc05g014340.2 XP_004239176.1 
SolycPP2A-B’κ Solyc12g006920.1 XP_004251590.1 
SolycPP2A-B’φ Solyc01g111790.1 XP_010315393.2 
The protein sequences listed in Table 5 and  
 Table 6 were aligned in Clustal Omega in  NEXUS mode and visualized 
as a phylogenetic tree using iTOL online software (https://itol.embl.de/) 





The first PP2A activity assays were done in connection with research on 
different aspects, i.e. nitrate reductase activation and PP2A methylation 
in response to environmental signals (Papers III and IV). The most 
important findings described in detail in 5.1 - 5.3 are presented in Paper 
I, and the most important findings described in 5.4.-5.5 are presented in 
Paper II. 
5.1 PP2A activity in Arabidopsis WT and mutants  
At first, the extractable PP2A activity was assayed in young and mature 
leaves of 6-week-old Arabidopsis plants including WT and mutant lines 
lcmt-1, pme1 and ptpaox with mutations in the genes associated with the 
PP2A regulation: LCMT-1, PME1 and PTPA respectively (Figure 3). 
The obtained results showed that the ptpaox line had a significantly higher 
PP2A activity compared with WT and supported findings published by 
Chen et al. (2015). Afterwards, the extractable PP2A activity was 
assayed in 10-day-old Arabidopsis seedlings, which included WT, single 
and selected double mutants of the PP2A catalytic subunits, using OA as 
PP2A selective inhibitor (Figure 4B). The total phosphatase activity was 
also measured and calculated as phosphate release detected during the 
reaction without OA (Appendix, Figure A1). Both datasets indicated 
that the PP2A activities, as well as the total phosphatase activities, were 
considerably lower in c2, c4, c2c5, c2c4 and c4c5 mutants compared 
with WT. It is noteworthy that the PP2A mutants exhibited also different 
phenotypes (Figure 4A). These mutants along with lcmt-1, which was 
previously studied for PP2A activity (Chen et al. 2014; Creighton et al. 
2017a), were selected for more detailed analysis separately in roots and 
shoots. For this experiment, the procedure was updated in terms of the 
OA concentration which was increased from 2 nM to 5 nM to improve 
the inhibitory efficiency of OA in the cell extract matrix (Swingle et al. 




in the whole seedlings displaying a significant reduction in both PP2A 
and total activities in roots and shoots (Figure 5 and Appendix, Figure 
A2) except for the value found in the root of c2. A 30% reduction of the 
PP2A activity in lcmt-1 was in line with results previously reported by 




Figure 3. PP2A activity in WT, lcmt-1, pme1 and ptpaox.  
PP2A activity was assayed in young and mature leaves of rosette stage plants grown in soil and 
harvested 6 weeks after germination. Activity is given as phosphate release inhibited by 2 nM 
OA. Values are means ±SE from five plants (n=5). Two asterisks denote values significantly 










Figure 4. Visual phenotype and PP2A activity of 10-day-old seedlings of WT and various 
PP2A mutants. 
(A)  Arabidopsis seedlings 10 days after germination on ½ MS medium. (B) PP2A activity 
assayed in WT and selected mutant lines. Activity is given as phosphate release inhibited by 2 
nM OA. Values are means ±SE from three independent experiments. One or two asterisks denote 














































Figure 5 . PP2A activity in WT and selected mutant lines. 
Activity was assayed separately in roots (white bars) and shoots (black bars) of 10-day-old 
seedlings grown on ½ MS medium. Activity is given as phosphate release inhibited by 5 nM OA. 
Numbers above each column are means ±SE collected from three independent experiments 
(n=3). Values marked with one or two asterisks are significantly different from WT according to 
student’s t-test at p-value <0.1 or 0.05 respectively. 
 
5.2 PP2A activity in Arabidopsis WT treated with 
PGPR 
To check if PP2A activity was influenced by treatment with PGPR, its 
values in roots and shoots of Arabidopsis seedlings co-cultivated with 
Sp245 and WCS417r for two weeks was compared with those of non-
treated control plants, Figure 6. Despite the pronounced phenotype 
response observed in the plants grown with bacteria, PP2A activity had 
no deviations from the control values, therefore, no impact of the PGPR 























































Figure 6. Visual phenotype and PP2A activity of Arabidopsis not treated and treated with 
PGPR. 
(A) Control plants were grown without bacteria (left plate) or co-cultivated with Sp245 (middle 
plate), or with WCS417r (right plate) for 14 days. (B) PP2A activity assayed separately in roots 
(white bars) and shoots (black bars). Numbers above each column are means ± SE collected from 
three independent experiments (n=3). Values for plants treated with bacteria were not 
significantly different from non-treated plants according to student’s test at p ˂ 0.1. 
 
5.3 Phenotype response of Arabidopsis to 
Pseudomonas and Azospirillum 
To deduce the role of PP2A in the signalling between plants and PGPR, 
the mutant lines of Arabidopsis with significant deviations in PP2A 
activity, both increased as in ptpaox ((Figure 3); (Chen et al. 2015)) and 
reduced as in lcmt-1, the single mutant c4 and the double mutants c2c5, 
c4c5 and c2c4 (Figure 5), were studied. The cultivation of Arabidopsis 
mutant lines with PGPR and data acquisition were performed as in 4.6.3. 
The lines including WT, c4, lcmt-1 and ptpaox were studied first. The 
second series of experiments was a follow-up of the first one where WT, 
c2c5, c4c5 and c2c4 were studied. Since the light growing conditions 
were slightly different due to different sampling times, the results of the 
first and second series are presented in separate diagrams with their 
respective WT references. To study the phenotype response of 
Arabidopsis, one-week-old seedlings grown in Petri dishes were 
transplanted to a fresh medium with an appropriate bacterial strain and 
cultivated for two weeks. Plants from a corresponding mutant line grown 




5.3.1 Cultivation with Pseudomonas simiae WCS417r 
For this study, Arabidopsis plants were cultivated as in 4.6.3.1 and 
4.6.3.2.  Already by visual inspection, the root architecture of all 
WCS417r-treated plants looked strikingly influenced by the bacteria 
resulting in a shorter primary root and branched root organization 
(Figures 7 and 9). It was reflected in the lateral root density which was 
significantly higher in all the lines treated with WCS417r relative to the 
corresponding controls (Figures 8F and 10F). Furthermore, the primary 
root length of the treated plants ranged from 26 to 36% of that of the 
control plants (Figures 7, 8A, 9 and 10A). The quantification of lateral 
roots revealed an increase in lateral root number in all the lines but c2c5 
and lcmt-1. Shoot fresh weight, root fresh weight and primary root 
thickness increased in all the lines upon WCS417r treatment except for 
c2c5 (Figures 8 and 10).  Chlorophyll content increased in all the treated 
plants with its significantly higher values in WT, lcmt-1 and c4 with 
respect to the corresponding controls (Figures 8G and 10G). The treated 
lcmt-1 almost reached the WT values both in the chlorophyll content and 
shoot fresh weight. The same changes were observed in c4 and c4c5 
lines.  The effect of WCS417r treatment on fresh weight in WT and in 
the mutant lines on a percentage basis was summarized and arranged in 
increasing order of PP2A activity in Figure 11. According to this 
summary, the fresh weight was significantly higher in plants treated with 
WCS417r. Considering all the results, the effect of the inoculation with 
WCS417r on the fresh weight decreased as PP2A activity increased, and 
this tendency can be traced especially for the shoot fresh weight. The 
maximal increase of fresh weight with almost the same per cent changes 
was observed in c4 and c4c5. The minimal changes might have been 
assigned to ptpaox, if there were not a considerable deviation from the 
above tendency found in c2c5 and c2c4. The growth-promoting effect of 
WCS417r in the latter mutants was hampered in roots or even reversed 
in shoots, showing inhibition of the shoot growth by 5 and 21% in c2c5 





Figure 7. Visual phenotype of Arabidopsis WT and mutants treated with P. simiae 
WCS417r. 
Seedlings of Arabidopsis WT and mutants (ptpaox, lcmt-1 and c4) cultivated without (upper 







Figure 8. Growth parameters of WT and mutants treated with P. simiae WCS417r. 
Seedlings of Arabidopsis WT, ptpaox, lcmt-1 and c4 were cultivated without (grey bars) and with 
(black bars) P. simiae WCS417r for two weeks.  (A) primary root length; (B) primary root 
thickness; (C) root fresh weight; (D) number of lateral roots; (E) shoot fresh weight; (F) lateral 
root (LRs) density and (G) chlorophyll content. For root length, primary root thickness, lateral 
root density and number of lateral roots, data are means ± SE of 30 plants (n=30). For fresh 
weight and chlorophyll content, the plants in each plate were pooled for measurements and values 
are means ±SE of six independent experiments (n=6). The root and shoot weights (C) and (E) 
represent means ±SE per single plant. The chlorophyll values (G) represent µg chlorophyll per 
mg leaf tissue. Columns marked with two asterisks are significantly different from the control 









Figure 9. Visual phenotype of Arabidopsis WT and double mutants treated with P. simiae 
WCS417r. 
Seedlings of Arabidopsis WT and double mutants c2c5, c4c5 and c2c4 were cultivated without 







Figure 10.  Growth parameters of WT and double mutants treated with P. simiae WCS417r. 
Seedlings of Arabidopsis WT and double mutants c2c5, c4c5 and c2c4 were cultivated without 
(grey bars) and with (black bars) P. simiae WCS417r for two weeks. (A) primary root length; 
(B) primary root thickness; (C) root fresh weight; (D) number of lateral roots; (E) shoot fresh 
weight; (F) lateral root (LRs) density and (G) chlorophyll content. For root length, primary root 
thickness, lateral root density and number of lateral roots, data are means ± SE of 45 plants 
(n=45). For fresh weight and chlorophyll content, the plants in each plate were pooled for 
measurements and values are means ±SE of nine independent experiments (n=9). The root and 
shoot weights (C) and (E) represent means ±SE per single plant. The chlorophyll values (G) 
represent µg chlorophyll per mg leaf tissue. Columns marked with two asterisks are significantly 






Figure 11. Per cent changes in fresh weight of Arabidopsis WT and mutants caused by P. 
simiae WCS417r. 
Fresh weight changes in roots (white bars) and shoots (black bars).  Data are from Figures 8 and 
10. The data sets are arranged in order of increasing PP2A activity (from Figure 5). 
 
The c2 and b’ mutant lines (b’α, b’β, b’γ, b’θ, b’ζ) were also 
subjected to inoculation with WCS417r (Appendix, Figure 4A). These 
mutants had previously been implicated in the response to bacterial 
pathogens (Segonzac et al. 2014; Jin et al. 2016; Durian et al. 2016). By 
observations, all the lines showed a similar response to the inoculation. 
However, the quantification of various root parameters (Appendix, 
Figure A5), revealed that c2, b’α and b’θ developed significantly fewer 
lateral roots in response to the bacteria than their respective controls. The 
most outstanding decrease in this value was found in b’θ (by 50%) along 
with corresponding decrease by 22% in c2 and 13% in b’α. 
5.3.2 Cultivation with Azospirillum brasilense Sp245 
and FAJ0009 
For this study, Arabidopsis plants were cultivated as in 4.6.3.1 and 
4.6.3.3. The plants showed a pronounced response to inoculation with 
Azospirillum strains resembling the response to WCS417r (Figures 12 
and 14). For Sp245-treated plants, the primary root length ranged from 




increase in the root fresh weight was in general due to elevated lateral 
root density (Figures 13F and 15F). Although, WT, ptpaox, c4 and c2c4 
had also a thicker primary root compared with the non-treated controls 
(Figures 13B and 15B). The primary root length in plants treated with 
FAJ0009 was not affected in the first series of experiments (Figures 12 
and 13), while a quite significant reduction (55% on average) of this 
value was observed in the second series of experiments (Figures 14 and 
15). Comparing the changes caused in WT upon the bacteria inoculation 
in the two series, deviations in the experimental conditions in the second 
series favoured a stronger response of the plants. Unlike the observed 
reduction of number of lateral roots in the Sp245-treated plants, most of 
the lines responded to FAJ0009 by increasing this number except for 
c2c5 and c4c5, which showed a significant decrease or no changes in this 
value with respect to untreated plants. Otherwise, the plants responded 
to Azospirillum strains similarly although to a lesser degree in the case 
of FAJ0009. Chlorophyll content generally was unchanged or 
insignificantly reduced in most of the Sp245-treated plants, only c2c5 
showed a striking chlorophyll reduction upon the Sp245 treatment 
(Figure 15G). The same effect on chlorophyll content was observed in 
the FAJ0009-treated plants. After inoculation with Azospirillum strains, 
a notable improvement in growth was observed in lcmt-1, c4, c4c5 and 
c2c4, even though to a lesser extent in the FAJ0009-treated plants 
(Figures 13C, E and 15C, E). The effect of inoculation with Sp245 and 
FAJ0009 on fresh weight of Arabidopsis plants on a percentage basis 
was summarized and arranged in increasing order of PP2A activity in 
Figure 16. According to this summary, the fresh weight was 
significantly higher in most of the plants treated with Azospirillum strains 
compared with untreated plants except for c2c5, which showed a 
significant reduction in shoot fresh weight. The chart in Figure 16 
resembles the summary made for WCS417r in Figure 11. In general, the 
effect of inoculation on the fresh weight (both roots and shoots) of the 
Azospirillum-treated plants decreased with an increasing PP2A activity. 




with Sp245 (Figure 16 A,B). However, upon cultivation with FAJ0009, 
c2c4 showed the maximal growth improvement compared with the other 
genotypes (Figure 16 C,D). The minimal response or even stunted 
growth was detected in c2c5 treated with both strains, even though this 






Figure 12. Visual phenotype of Arabidopsis WT and mutants treated with A. brasilense. 
Seedlings of Arabidopsis WT and mutants ptpaox, lcmt1, c4 were cultivated without bacteria 
(upper row) and with A. brasilense Sp245 (middle row) and A. brasilense FAJ0009 (lower row) 





Figure 13.  Growth parameters of WT and mutants treated with A. brasilense Sp245 and 
FAJ0009.  
Growth parameters of WT and mutants ptpaox, lcmt1, c4 cultivated without bacteria (grey bars), 
with A. brasilense Sp245 (black bars) and with A. brasilense FAJ0009 (hatched bars) for two 
weeks. (A) primary root length; (B) primary root thickness; (C) root fresh weight; (D) number of 
lateral roots; (E) shoot fresh weight; (F) lateral root (LRs) density and (G) chlorophyll content. 
For root length, primary root thickness, lateral root density and number of lateral roots, data are 
means ± SE of 30 plants (n=30). For fresh weight and chlorophyll content, the plants in each 
plate were pooled for measurements and values are means ±SE of six independent experiments 
(n=6). The root and shoot weights (C) and (E) represent means ±SE per single plant. The 
chlorophyll values (G) represent µg chlorophyll per mg leaf tissue. Columns marked with two 
asterisks are significantly different from the control without bacteria according to student’s t-test 












Figure 14. Visual phenotype of Arabidopsis WT and double mutants treated with A. 
brasilense. 
Seedlings of Arabidopsis WT and double mutants c2c5, c4c5, c2c4 were cultivated without 
bacteria (upper row) and with A. brasilense Sp245 (middle row), and with A. brasilense FAJ0009 





Figure 15 Growth parameters of WT and double mutants treated with A. brasilense. 
Growth parameters of WT and double mutants c2c5, c4c5 and c2c4 cultivated without bacteria 
(white bars), with A. brasilense Sp245 (black bars) and with A. brasilense FAJ0009 (hatched 
bars) for two weeks. (A) primary root length; (B) primary root thickness; (C) root fresh weight; 
(D) number of lateral roots; (E) shoot fresh weight; (F) lateral root (LRs) density and (G) 
chlorophyll content. For root length, primary root thickness, lateral root density and number of 
lateral roots, data are means ± SE of 45 plants (n=45). For fresh weight and chlorophyll content, 
the plants in each plate were pooled for measurements and values are means ±SE of nine 
independent experiments (n=9). The root and shoot weights (C) and (E) represent means ±SE per 
single plant. The chlorophyll values (G) represent µg chlorophyll per mg leaf tissue. Columns 
marked with one or two asterisks are significantly different from the control without bacteria 










Figure 16. Per cent changes in fresh weight of Arabidopsis WT and mutants caused by A. 
brasilense. 
Changes in Arabidopsis root (white bars) and shoot (black bars) fresh weight caused by (A), (B) 
A. brasilense Sp245 and (C), (D) A. brasilense FAJ0009. Calculations were done based on data 
in Figure 13 and 15. The data sets are arranged in order of increasing PP2A activity (from Figure 










5.4 Functional analysis of B’φ in tomato 
5.4.1 Expression pattern in different tomato tissues 
The transcript abundance of B’φ and other most relevant PP2A genes, 
listed in Table 1, were studied in diverse plant organs (Figure 17A) of  
3.5-month-old tomato plants grown under standard conditions in 
different growing media (vermiculite versus soil), see 4.6.6.1. Since B’φ 
was previously found to be regulated by ABA in Medicago truncatula 
(Charpentier et al. 2014) and the expression of Bβ (Clade III) was 
upregulated by ABA in roots of Medicago sativa (Toth et al. 2000), the 
ABA-responsive gene, TAS14,  was included in the gene screening. 
TAS14  is a tomato dehydrin gene that is induced by ABA, mannitol and 
NaCl but not by cold or wounding and serves as an ABA-induced marker 
of ABA responses in tomato (Godoy et al. 1990). 
 
 
Figure 17. Analysis of transcript distribution of selected PP2A subunits in different plant 
tissues. 
 (A) Plant material from 3.5-month-old tomato plants used for RNA isolation.: flower buds (left), 
young leaves (middle) and roots (right). (B) Relative expression pattern of PP2A subunits in 
different plant tissues as determined by sqRT-PCR. The values denote the average level of 
expression from three biological replicates (n=3) normalized by the reference gene ACTIN41. 
Mean values ± SE are given in Appendix, Table A4. White and red colours indicate the zero 




The sqRT-PCR analysis (Figure 17B) showed that B’φ was 
weakly expressed in all the analysed plant tissues, although to a different 
extent depending on the growing medium, with the highest level in the 
roots grown in soil. Cultivation in vermiculite caused a 3.5-fold 
reduction in the expression of B’φ in roots and a 2.5-fold increase in 
flower buds compared with cultivation in soil while in young leaves the 
expression was low and not influenced by the type of growing medium 
used. Bβ (Clade III) was well expressed in all the tomato tissues and the 
pattern of expression was similar for both soil and vermiculite. B’θ was 
equally moderately expressed in all the types of tissue with slightly 
higher levels in the soil-grown plants. C1 and TAS14 showed the highest 
levels of expression in roots regardless of growing medium and very 
strong correlation in the expression pattern. Both genes were also 
moderately or highly expressed in aerial organs grown in soil and 
vermiculite respectively. No correlation in expression patterns between 
B’φ, Bβ (Clade III) and TAS14 was observed. 
5.4.2 Effect of PGPR treatment  
To get some clues to transcriptional regulation of genes presumably 
associated with the response to PGPR, listed in Table 1, tomato plants 
grown in vermiculite for 40 days were subjected to inoculation with 
PGPR (see 4.6.6.2). The transcript levels of the target genes were 
quantified 2 h, 24 h, 1 week and 3 weeks after the inoculation (Figures 
18 and 19) followed by measurement of root and shoot fresh weight at 
the end of the experiment (Figure 20). By visual inspection, all the plant 
groups looked similarly developed, although WCS417r-treated plants 
had a slightly larger root system (Figure 20A). This finding was also 
confirmed after weighing the roots (Figure 20B).  
The sqRT-PCR analysis revealed groups of genes involved in 
both early response and late response to PGPR. Already 2 h after 
inoculation, the expression of B’θ was significantly downregulated while 




persistent during all three weeks. By the end of the experiment, the 
response of B’θ had weakened but the upregulation of the expression of 
Bβ (Clade III) strengthened and became significant relative to non-
treated plants. By 24th h after the inoculation, another group of genes 
including Bβ (Clade I), AβI, AβII and TAS14 responded explicitly but to 
a various extent. Bβ (Clade I) responded with a 5-to-10-fold upregulation 
of expression which eased up after one week and was not detected by 
week 3. AβI and AβII showed decreased expression, although this 
response was stronger and more significant in AβI. It is noteworthy that 
plants inoculated with WCS417r exhibited downregulation of the 
expression of both isoforms of A subunits and a significantly less 
transcript level of AβI already by 2nd h after the inoculation. Having the 
same level of expression as the non-treated plants after one week, by the 
end of the experiment, AβI and AβII showed an increased level of 
expression in all the PGPR-treated plants. But this response was 
significantly different from that of the non-treated plants only in 
Azospirillum-treated plants. TAS14 responded to the PGPR inoculation 
with a weak downregulation of the expression at 24 h time point in all 
the PGPR-treated plants ranging from 11% to more significant 30% in 
Sp245-treated plants. The late response to PGPR with a significant 
upregulation of the C1 expression was detected first in WCS417r-treated 
plants after one week. But by the end of the experiment, a similar 
upregulation was observed in all the PGPR-treated plants. B’φ had very 
low expression during all the time course experiment. However, the 
WCS417r-treated plants had persistently a significantly higher level of 
B’φ expression at week 1 and 3 compared with the non-treated plants 
(Figures 18 and 19). Interestingly, the expression of B’φ went down by 
the third week in all the plants including the controls. The response of 
B’φ also positively correlated with the root fresh weight values (Figure 
20B) indicating a possible role of this gene in root growth and 
development. The remaining B’κ and C2 genes showed no clear response 







Figure 18. Time course analysis of the expression of PP2A subunits and TAS14 in tomato 
roots of not treated and treated with PGPR. 
Tomato plants were grown in vermiculite for 40 days before the treatment. The expression level 
was measured in the roots 2 h, 24 h, 1 week and 3 weeks after the treatment. The values denote 
the average level of expression from three biological replicates normalized by the reference gene 
ACTIN41. Mean values ± SE are given in Appendix, Table A5. Values marked with one or two 
asterisks are significantly different from the corresponding control according to student’s t-test 
at p-value < 0.1 or 0.05 respectively. White and red colours indicate the zero and the highest 





Figure 19. Time course analysis of changes in expression of PP2A subunits and TAS14 in 
roots treated with PGPR. 
Changes in gene expression in the roots treated with PGPR with respect to not treated roots. 
Dataset is based on the values from  
Figure 18. Cells marked with one or two asterisks are significantly different from the 
corresponding control according to student’s t-test at p-value < 0.1 or 0.05 respectively. Blue and 
red colours indicate decreased and increased expression respectively, relative to a corresponding 











Figure 20. Visual phenotype of tomato plants three weeks after treatment with PGPR. 
 (A) Two-month-old tomato plants not cultivated (upper left photo) and cultivated with 
WCS417r (upper right photo), Sp245 (lower left photo) and FAJ0009 (lower right photo) for 
three weeks in vermiculite. (B) Root (white bars) and shoot (black bars) fresh weight.  Data are 
means ± SE of 4 plants (n = 4). The bar marked with two asterisks is significantly different from 




5.4.3 Effect of colonization by AMF  
The finding that B’φ in M. truncatula was induced upon AM formation 
(Charpentier et al. 2014) was a good reason for studying the transcript 
levels of the PP2A subunits in tomato roots colonized by AMF. To this 
end, tomato plants were inoculated with AMF as described in 4.6.6.3 and 
grown for 3.5 months both in soil and vermiculite with a subsequent 
comparative analysis of the roots for AM formation under the light 
microscope (as in 4.6.7). By microscopy analysis, it was found that the 
type of growing medium greatly influenced AM morphology. Roots 
grown in soil formed a canonical AM usually observed when the root 
was colonized by more than one AMF species (Smith and Read 2008b), 
while the roots grown in vermiculite formed vesicular mycorrhiza (VM). 
No AM was observed in the control plants (Figure 21). Nevertheless, to 
confirm the AM/VM functionality in the tomato roots, the PT4 gene, 
coding for mycorrhiza inducible inorganic phosphate transporter, was 
used as a marker of AM symbiosis. The PT4 protein is an absolute 
requirement for the phosphate transfer from the fungus via arbuscules to 
the plant as well as for the maintenance of a functioning AM symbiosis 
(Javot et al. 2007).  
The sqRT-PCR analysis of the roots grown in vermiculite and in 
soil showed two interesting finding. Firstly, a functioning AM in the 
AMF roots was confirmed by elevated expression of PT4, by 116% in 
soil and by 30% in vermiculite (Figure 22A) which was consistent with 
the results from the microscopy analysis (Figure 21). Secondly, 
expression patterns of the PP2A subunits were also influenced by the 
type of growing medium (Figure 22B). Interestingly, the transcripts of 
most of the studied PP2A subunits were less abundant in the roots grown 
in vermiculite than those grown in soil. Of the catalytic subunits, C1 
responded to AM with significantly decreased expression in soil versus 
upregulation in vermiculite. Like TAS14, C2 was highly expressed in all 
the plant groups and showed no response to AM (Figure 22). The 




45% and 55% respectively, while the expression of B’θ was ten-fold 
downregulated only in the AMF roots grown in soil, resembling the 
response to PGPR in Figure 19. But these genes showed no response to 
AM (VM) in vermiculite (Figure 22). Unlike the mycorrhizal roots from 
soil, the expression of B’κ and Bβ (Clade I) increased in the mycorrhizal 
roots from vermiculite by 15% and 30% respectively. B’φ showed no 
specific response to AM.  
The recent studies showing the importance of GAs along with 
ABA in the development of AM (Martin-Rodriguez et al. 2016; Martín-
Rodríguez et al. 2015; Herrera-Medina et al. 2007), suggested to include 
the GA-regulated gene in the gene expression analysis for monitoring the 
level of active GAs in the AMF-colonized roots. For this purpose, 
GAST1 (GA-stimulated transcript 1) is commonly used. It was 
previously found that treatment with gibberellic acid (GA3) induces the 
GAST1 expression while treatment with ABA inhibits it (Shi and 
Olszewski 1998). In this study, the expression of GAST1 decreased 
(about 40%) in mycorrhizal roots grown both in soil and in vermiculite 
underpinning the important role of GAs in the regulation of AM 







Figure 21. Morphology of AM colonization in tomato roots stained with trypan blue 3.5 
months after planting and inoculation with AMF. 





Figure 22. Transcriptional analysis of PP2A subunits and AM-associated genes in the roots 
of not treated and AMF-treated 3.5-month-old tomato plants grown in soil and vermiculite. 
 (A) SqRT-RCR gene expression analysis. The values denote the average level of expression 
from three biological replicates (n=3) normalized by the reference gene ACTIN41. Mean values 
± SE are given in Appendix, Table A6. White and red colours indicate the zero expression and 
the highest expression level respectively. (B) Changes in gene expression in AMF- roots with 
respect to not treated roots. Dataset is based on the values from (A). Blue and red colours indicate 
decreased and increased expression respectively, relative to control. The colours visualize 
Log2(sample/control). Values marked with two asterisks are significantly different from the 
corresponding control according to student’s t-test at p-value < 0.05. All the significantly 




5.5 The characterization of transgenic tomato 
overexpressing B’φ subunit 
5.5.1 Transgenic tomato lines overexpressing B’φ 
Tomato hypocotyl explants infected with A. tumefaciens ABI-1 
harbouring the 35S:PP2A-B’φ insert were subjected to several rounds of 
segregation in Basta-supplemented agar-solidified MS medium. Basta 
was used as a selective marker for the transgenic plants. All the plant 
developed from the explants were genotyped for the 35S:PP2A-B’φ 
insert using the vector-specific primers (Appendix, Table A3) and 
Phire® Plant Direct PCR Kit (Table 2). The positives were designated 
as b’φox (F0) and used in gene expression and AMF studies. The seeds 
collected from transgenic plants 10, 20, 23 were named as transgenic 
lines L10, L20 and L23 and used for planting b’φox (F1) mutants for 
phenotyping, gene expression and AMF studies. 
5.5.2 Phenotypic characterization of b’φox lines 
Both b’φox (F0) and (F1) were characterized phenotypically, although 
more detailed and representatively in the case of b’φox (F1) (Figures 23, 
24 and 25). The plants shown in Figure 23A, C and D were cultivated 
in vermiculite as described in 4.6.6.3 and 4.6.6.4 for 3.5 months but 
without adding “Rootgrow”. The fruits in Figure 23B were collected 
from WT and b’φox (F0) grown in soil under the growing conditions 
described in 4.6.4.8. All the observed transgenic plants from F0 had 
similar alterations in morphology compared to WT such as a smaller 
plant with slender and sparse roots, smaller leaves, thinner stems 
(Figures 23A, C, D) and strikingly fewer seeds in fruits (Figure 26). For 
a more conclusive study, the seeds from b’φox L23 (Figure 24), L10 and 
L20 (Figure 25) were planted in vermiculite for monitoring germination 
and growth, and measuring basic growth parameters such as root fresh 




26). Cultivated as described in 4.6.6.5, the b’φox mutants showed no 
difference in germination time compared to WT. Moreover, during the 
first three weeks, all the plants looked like WT. The b’φox phenotype was 
observed by the fourth week after germination and had the same traits 
which were previously detected in b’φox (F0). Eight weeks after 
germination, the plants were carefully taken out from the vermiculite for 
measuring the growth parameters. The transformants from all three lines 
shared similar phenotypic traits despite some negative genotyping results 
(Figures 24D and 25D). Therefore, the values of the growth parameters 
from L10, 20 and 23 were pooled together and designated as b’φox (F1) 
without specifying a mutant line number (Figure 26). By visual 
inspection, the B’φ overexpression caused remarkable alterations in the 
phenotype of b’φox (F1) with the most obvious morphological changes in 
roots and leaves. These changes negatively affected the root and shoot 
fresh weights, stem thickness and root-to-shoot ratio (Figure 26A). The 
fresh weight of both root and shoot was reduced by 70%, the stem 
thickness and the root-to-shoot ratio by 20 % relative to WT. A reduced 
number of leaves in b’φox compared to WT at the time of counting may 
indicate slowed growth of b’φox plants. The seed count showed a 60% 
reduction in the number of seeds per fruit regarding WT, unlike the fruit 






Figure 23. Phenotypic alterations in transgenic plants developed from tomato hypocotyl 
explants (b’φox (F0)). 
 (A) 3.5-month-old plants. (B) Fruits collected from WT (upper frame) and from b’φox (lower 
frame), numbers denote a transgenic plants number. (C) Sixth leaves of WT and b’φox. (D) Roots 
of WT and b’φox plants. (E) Genotyping of transformants for 35S:PP2A-B’φ insert. WTs were 






Figure 24. Phenotypic characterization of b’φox L23 (F1). 
(A) 25-day-old tomato plants. (B) 8-week-old tomato plants (C) 8-week-old tomato plants taken 
from the growing medium (D) Genotyping of transformants (L23) for 35S:PP2A-B’φ insert. WTs 










Figure 25. Phenotypic characterization of b’φox L10 and L20 (F1). 
(A) 25-day-old tomato plants. (B) 8-week-old tomato plants (C) 8-week-old tomato plants taken 
from the growth medium (D) Genotyping of transformants (L) for 35S:PP2A-B’φ insert. WTs 




Figure 26. Growth parameters of tomato WT and b’φox.  
(A) Tomato seedlings of WT and b’φox were cultivated in vermiculite for 9 weeks after sowing. 
The values are means ±SE of 12 plants for WT and 18 plants for b’φox (F1) (measurements from 
two experiments and three mutant lines (Figures 24 and 25), n=12 and 18 respectively. (B) Fruit 
fresh weight and seed number are from corresponding WT and b’φox (F0) tomato fruits collected 
after ripening (Figure 23B). Data are means of 35 fruits, n=35, ±SE given. According to student’s 
t-test at p-value <0.1 or 0.05, columns marked with one or two asterisks respectively are 




5.5.3 Effect of B’φ overexpression on AMF 
colonization 
Tomato plants of WT and b’φox (F0 and F1) were cultivated as described 
in 4.6.6.4 and 4.6.6.5 with a subsequent staining of the roots as in 4.6.7. 
All the mutants were genotyped before the AMF study and examined for 
the phenotype (Figure 27, 28 and 29). The frequency (F%) of AM in 
roots was assessed in soil and in vermiculite according to 4.6.8. Due to a 
low level of mycorrhization in the roots grown in soil (Figure 30A), F% 
was estimated twice: 3.5 and 8.5 months after adding “Rootgrow”. But 
no significant differences in F% were observed between WT and b’φox 
grown in soil (Figure 29A). However, some qualitative changes of AM 
such as hypercolonization in 2% of the total fragments were detected 
only in b’φox (F0) (Figure 26C left image under b’φox). When grown in 
vermiculite, b’φox (F0 and F1) showed, on average, a 40% reduction in 
F% compared to WT (Figure 29B) without any specific changes in AM 
morphology (Figures 27D and 28G). Nevertheless, AMF 
hypercolonization was still observed in 2% of the total root fragments in 
the b’φox plants from L20 (Figure 28G). Such hypercolonization was 








Figure 27. AMF colonization study of WT and b’φox (F0) in soil. 
(A) Tomato plants 2 months after planting in the soil inoculated with AMF. (B) Roots of the 
studied tomato plants 8.5 months after planting in soil inoculated with AMF. (C) Bright-field 
images of mycorrhiza morphology found in the roots of WT and b’φox (F0) from (B) stained with 
trypan blue. (D) Bright-field image of arbuscule and (E) fungal spores found in the roots. (F) 
Genotyping of transformants (T) for 35S:PP2A-B’φ insert, WT was used as a negative control, 






Figure 28. AMF colonization study of WT and b’φox (F0) in vermiculite. 
(A) Tomato plants 3.5 months after planting in vermiculite inoculated with AMF. (B) Roots of 
the studied plants. (C) Genotyping of transformants (T) for 35S:PP2A-B’φ insert, WT was used 
as a negative control, miniprep of pBA002-B’φ plasmid was used as a positive control. (D Bright-
field images of mycorrhiza morphology found in the roots of WT and b’φox (F0) roots from (B) 











Figure 30. Frequency (F%) of root colonization in WT and b’φox after inoculation with 
AMF. 
Colonization frequency for WT (black bars) and b’φox (grey bars and hatched bar) (A) in soil 3.5 
and 8.5 months after inoculation; (B) in vermiculite after 3.5 months; (C) in vermiculite after 3 
months with another batch of b’φox (F1 plants).Values are means ±SE from three plants. 
According to student’s t-test at p-value < 0.05, columns marked with two asterisks are 
significantly different from WT. 
 
Figure 29. AMF colonization study of WT and b’φox (F1) in vermiculite. 
(A) WT (B), (C) b’φox (F1) L10 and L20 tomato plants 3 months after sowing in vermiculite 
inoculated with AMF. (D) Sixth leaves of the studied plants. (E) Roots of the studied plants (F) 
Genotyping of transformants (L10 and L20) for 35S:PP2A-B’φ insert, WTs and miniprep of 
pBA002-B’φ plasmid were used as negative and positive controls respectively. (G) Bright-field 
images of mycorrhiza morphology found the roots of in WT and b’φox (F1) from (E), stained 




5.5.4 Gene expression analysis of b’φox lines 
 Comparative analysis of mycorrhizal and non-
mycorrhizal roots 
To study changes in the gene expression in the roots of b’φox (F0), tomato 
plants were cultivated as in 4.6.6.4 and 4.6.6.3 for 3.5 months in 
vermiculite. Both AMF-colonized and non-treated roots of b’φox (F0) 
with their respective WT references were used for the analysis. Along 
with a ten-fold increase in the expression of B’φ detected in the 
transformants, screening of the PP2A subunits, ABA (TAS14), GA 
(GAST1) and AM responsive (PT4) genes revealed significantly reduced 
expression of TAS14 (ranging from a 19 to 38% reduction) and GAST1 
(a three-fold reduction) and increased expression of Bβ (Clade I) 
regardless of the presence of AMF colonization (Figure 31A). The 
change in the expression level of TAS14 became more profound in AMF-
colonized roots (38% reduction) compared with non-colonized roots 
(19% reduction). Even though the expression of B’κ and AβII was also 
significantly upregulated in the transgenic plants, this upregulation was 
negated upon the AMF colonization (Figure 31B). Contrary to the 
upregulated expression of C1 in response to AMF observed in WT 
(Figure 22), this gene was not influenced by AMF in the transgenic 
plants (Figure 31).  
To find out whether the downregulation of the expression of 
TAS14 and GAST1 was associated with alterations in ABA and GA 
synthesis, the following genes were also assayed by sqRT-PCR. The 
gene NCED-1 encodes 9-cis-epoxycarotenoid-dioxygenase which is 
important in ABA biosynthesis (Appendix, Figure A 9) and generally 
considered to be rate-limiting (Taylor et al. 2005; Qin and Zeevaart 
1999). The genes coding for GA20-oxidases (GA20ox (1-4)) and GA 3β-
hydroxylase (GA3ox (1- 2)) have been previously characterized as 
important regulators of the GA biosynthesis pathway (Lange et al. 1994; 




where they are negatively regulated by active GAs (Martin et al. 1996; 
Phillips et al. 1995). GA 20-oxidases and GA 3β-hydroxylases catalyze 
the final steps in the formation of active GAs (Appendix, Figure A8) 
and are potential control points in the regulation of GA homeostasis (Ait-
Ali et al. 1999). The sqRT-PCR analysis of the above genes showed 25% 
downregulation of the expression of NCED-1 in the transgenic plants that 
was slightly ameliorated upon AMF colonization (Figure 32A).  The 
expression of the GA-biosynthesis genes in the non-mycorrhizal roots of 
b’φox was up- or downregulated relative to those in WT but not 
considerably in terms of the transcript levels, except for GA20ox-2 and 
3 which expression was upregulated by approximately 37 and 20% 
respectively. Being irresponsive to AMF in b’φox, GA20ox-2 responded 
with a significantly increased (by 75%) transcript level in WT upon AMF 
colonization and exceeded the corresponding b’φox values (Figure 32A). 
The upregulation of the GA20ox-3 expression became even more 
significant in the AMF-colonized roots of b’φox. 
 Expression analysis of ABA and GA-associated genes in 
young leaves of b’φox (F1) lines 
For the gene expression analysis in young leaves of b’φox (F1),  the plants 
form WT, L10 and L20 were cultivated as in 4.6.6.5 (Figure 25). Unlike 
the changes found in roots, the sqRT-PCR analysis of the young leaves 
showed no difference in the transcript abundance of Bβ (Clade I), B’κ, 
AβII (not shown), TAS14, NCED-1 and GAST1 between the transgenic 
and WT plants. However, a four-fold increase in the B’φ expression 
detected by sqRT-PCR seemed to cause a significant upregulation of the 
expression of GA20ox-1 and -2 in both transgenic lines (Figure 33). The 
expression level of GA20ox-1 increased by 13 and 23% in L10 and L20 
respectively. The expression level of GA20ox-2 increased 2.4 and 3.6 






Figure 31. Comparative transcriptional analysis of PP2A subunits and AM-associated 
genes in WT and b’φox (F0) roots of not treated and AMF-treated 3.5-month-old tomato 
plants grown in vermiculite. 
(A) SqRT-RCR gene expression analysis. The values denote an average level of expression from 
three biological replicates (n=3) normalized by the reference gene ACTIN41. Mean values ± SE 
are given in Appendix, Table A7. White and red colours indicate the zero expression and the 
highest expression levels respectively. (B) Changes in the gene expression in b’φox (F0) roots 
with respect to WT. Dataset is based on the values from (A). Blue and red colours indicate 
decreased and increased expression respectively, relative to WT values. The colours visualize 
Log2(sample/control). Values marked with one or two asterisks are significantly different from 
WT according to student’s t-test at p-value < 0.1 and 0.05 respectively. All the significantly 







Figure 32. Comparative transcriptional analysis of B’φ subunit, ABA- and GA-associated 
genes in WT and b’φox (F0) roots of not treated and AMF-treated 3.5-month-old tomato 
plants grown in vermiculite.  
(A) SqRT-RCR gene expression analysis. The values denote an average level of expression from 
three biological replicates (n=3) normalized by the reference gene ACTIN41. Mean values ± SE 
are given in Appendix, Table A8. White and red colours indicate the zero expression and the 
highest expression levels respectively. (B) Changes in the gene expression in b’φox (F0) roots 
with respect to WT. Dataset is based on the values from (A). Blue and red colours indicate 
decreased and increased expression respectively, relative to WT values. The colours visualize 
Log2(sample/control). Values marked with one or two asterisks are significantly different from 
WT according to student’s t-test at p-value < 0.1 and 0.05 respectively. All the significantly 






Figure 33. Comparative transcriptional analysis of B’φ subunit and ABA and GA-
associated genes in b’φox (F1) and WT leaves of 2-month-old tomato plants grown in 
vermiculite. 
(A) Sq RT-RCR gene expression analysis. The values denote an average level of expression from 
three biological replicates (n=3) normalized by the reference gene ACTIN41. Mean values ± SE 
are given in Appendix, Table A9. White and red colours indicate the zero expression and the 
highest expression levels respectively. (B) Changes in the gene expression in b’φox (F1) roots 
with respect to WT. Dataset is based on the values from (A). Blue and red colours indicate 
decreased and increased expression respectively, relative to WT values. The colours visualize 
Log2(sample/control). Values marked with one or two asterisks are significantly different from 
WT according to student’s t-test at p-value < 0.1 and 0.05 respectively. All the significantly 




6 Discussion  
6.1 Phenotypic response of Arabidopsis WT and 
mutants to PGPR 
Prior to studying the role of PP2A in plant responses to PGPR, several 
mutants with mutations targeting PP2A regulation (ptpaox and lcmt-1) or 
its catalytic capacity (null-mutation in one or two catalytic subunits) 
were screened for PP2A activity. The screening revealed the genotypes 
representing PP2As with altered activity: the maximum level was found 
in ptpaox (Figure 3) and a considerably reduced level was found in lcmt-
1 (reduction by 30%), c4 (reduction by 55%), c2c5 (reduction by 41%), 
c4c5 (reduction by 64 %) and c4c5 (reduction by 68%) relative to WT 
(values for roots, Figure 5). Subsequently, these mutants were subjected 
to PGPR inoculation and phenotypic response analysis. 
In agreement with previously reported results from different 
research groups, Arabidopsis WT and mutants in this study generally 
responded to PGPR with a shortening of the primary root and increased 
lateral root density. In most of the tested genotypes, shoot growth was 
also promoted. Comparative analysis of shoot and root fresh weights 
between PGPR-treated and corresponding non-treated controls from the 
above genotypes revealed a strong negative correlation in terms of the 
PP2A activity (correlation coefficients shown in Appendix, Figures A5 
and A6). The more PP2A activity, the less plant growth promotion by 
PGPR (Figures 11 and 16). And the knockout of C2 especially in 
combination with C5 subunit showed to be crucial for growth response 
to PGPR. Indeed, an increase of C5 and to some extent of C2 transcripts 
in Arabidopsis in response to biotic cues such as pathogens and 
pathogenic elicitors and decrease under abiotic stress conditions has 
already been reported by Durian et al. (2016). Furthermore, Hu et al. 
(2017) showed that the C5 subunit is required for normal root and shoot 
growth under salt stress. Moreover, Pernas et al. (2007) found that the 




responses to ABA associated with root development and abiotic stress. 
Pernas et al. (2007) also showed that the null mutation in the C2 subunit 
in Arabidopsis did not alter the responsiveness to auxin, cytokinins and 
gibberellins amid high sensitivity to ABA. Azospirillum and 
Pseudomonas are known to both produce ABA as well as influence the 
ABA levels in Arabidopsis (Cohen et al. 2008; Dodd et al. 2010; 
Belimov et al. 2014). The c2c5 mutant is lacking both these stress-
protecting genes, and this may explain no improved growth upon 
cultivation with PGPR. The c2c5 mutant also responded with a 
considerable decrease in chlorophyll upon co-cultivation with 
Azospirillum. However, this growth parameter was unchanged in most 
of the mutants including c2c5 or even significantly improved as in lcmt-
1 and c4 when co-cultivated with Pseudomonas. Indeed, colonization by 
PGPR stimulates plant growth and induces systemic resistance against 
multiple pathogens ((Pieterse et al. 2014; Zamioudis et al. 2013; Spaepen 
et al. 2014). The onset of ISR has been reported to be associated with the 
iron deficiency marker genes MYB72 (MYB transcription factor gene) 
and IRT1 (iron uptake gene)  activated by inoculation with  PGPR 
including WCS417r (Stringlis et al. 2018a), Sp245 and FAJ0009 
(Spaepen et al. 2014). Verbon et al. (2019) proved that the WCS417-
stimulated iron uptake in Arabidopsis increases the chlorophyll content 
on the iron-sufficient medium but decreases it on the iron-deficient 
medium resulting in the chlorotic appearance of the shoots. This finding 
may explain the increased chlorophyll content in the presence of 
WCS417r observed in the Arabidopsis plants (Figures 8 and 10). 
However, no similar findings were reported about Azospirillum strains. 
Moreover, a 100-fold higher bacterial density of Sp245 and FAJ0009 
compared to WCS417r applied to the root environment in this study 
could also matter. 
Auxin, or auxin mimicking compounds, produced by PGPR 
clearly have an influence on plant root growth, as frequently reported for 
various Pseudomonas (Persello-Cartieaux et al. 2001; Zamioudis et al. 




Spaepen et al. 2014) strains. Knockout of the C4 gene alone or in 
combination with C5 or C2 resulted in low PP2A activity (Figure 5), and 
reduced root and shoot weights compared with WT Arabidopsis 
(Figures 4A, 8B, C and 10B, C). The C4 subunit is essential for transport 
and distribution of auxin in roots (Ballesteros et al. 2013; Boyer et al. 
2016), therefore,  the striking effect of inoculation with WCS417r and 
Sp245 could be, at least partly, explained by a bacteria-produced 
substitute for auxin otherwise distributed by PP2A to various tissues. 
Spaepen et al. (2014) previously showed that when Arabidopsis was co-
cultivated with the auxin mutant FAJ0009 for one week, there was hardly 
any effect on the root architecture and confirmed a general view that the 
effect on the root architecture was caused by auxin. But in the present 
study, co-cultivation of Arabidopsis with FAJ0009 for two weeks also 
affected the root architecture and promoted plant growth (Figures 12 -
14). Possibly a low auxin level in FAJ0009 would still induce effect after 
prolonged co-cultivation with Arabidopsis, or the induced plant root 
growth might be caused by nitric oxide (Creus et al. 2005; Molina-
Favero et al. 2008). Using a genetic approach, Molina-Favero et al. in 
(Molina-Favero et al. 2008) demonstrated that the root growth promotion 
in tomato caused by both Sp245 and FAJ0009 was highly dependent on 
nitric oxide produced, in particular by nitrate reductase. In combination 
with a pharmacological approach, nitric oxide was recognized as a 
signalling molecule involved in Azospirillum-plant interactions (Creus et 
al. 2005; Molina-Favero et al. 2008; Molina-Favero et al. 2007) and 
playing a role in cross-talk between NO and auxin in the growth-
promoting effects (Cassán et al. 2015).  
Global transcript analysis of Arabidopsis treated with Sp245 or 
FAJ0009 revealed induction of genes involved in systemic acquired 
resistance after three days, a type of resistance usually induced by 
pathogens  (Spaepen et al. 2014). The plant immune system appears to 
recognize all bacteria as invaders and give a defence response, although 
milder for PGPR than for pathogenic bacteria. Spaepen et al. (2014) 




points after inoculation with Sp245 and FAJ0009 and found a large set 
of genes that represented the plant response to PGPR independent of 
bacterially produced auxin. It is therefore not surprising that a clear 
phenotype was established also for seedlings inoculated with FAJ0009 
(Figures 12-15). Altogether the global transcript studies, as well as 
results in the present work, indicate a complex mechanism behind the 
observed plant growth-promoting effects which could not be solely 
ascribed to auxin level and distribution. In a GWAS study to find maize 
genes of importance for responsiveness to A. brasilense, candidate genes 
confirmed the general impression that genes involved in defence, 
hormone biosynthesis, signalling pathways and root growth were of 
importance (Vidotti et al. 2019). Exposure of rice seedlings to A. 
brasilense and subsequent RNA-seq showed that several hormone-
related genes, including auxin efflux carriers, and also defence-related 
genes were induced (Thomas et al. 2019).  PP2A promotes (polar) auxin 
transport by dephosphorylating auxin efflux carriers (Ballesteros et al. 
2013). Furthermore, PP2A is also involved in establishing immune 
responses in Arabidopsis (Segonzac et al. 2014; Jin et al. 2016). Since 
the most pronounced PGPR effects were found in Arabidopsis mutants 
with lowered PP2A activity (Figure 16) this would not promptly fit with 
the importance of PP2A in polar auxin transport. The results may be 
more easily interpreted according to the involvement of PP2A in immune 
responses; the high effect of PGPR in plants with low PP2A activity is 
compatible with a lowered PP2A activity suppressing the immune 
response and thereby favouring (mutualistic) interactions with PGPR.  
Studying the phenotypic response of c2 and b’-mutants to 
WCS417r revealed that c2, b’α and especially b’θ responded with a 
significant reduction in the number of lateral roots compared to WT and 
the other b’-mutants. Firstly, this finding strengthens the results obtained 
with the c2c5 mutant, and secondly, outlines the regulatory subunits for 




6.2 PP2A as a regulatory enzyme in plant-microbe 
interactions 
Transcriptional analysis of the PP2A subunits from the tomato genome, 
which were previously characterized either as hypothetical mediators in 
establishing a symbiosis between plants and beneficial microbes or as 
belonging to atypical non-expanding protein families, revealed subunits 
that might be associated with tomato-PGPR signalling and mediating 
early or late plant responses to PGPR. The genes encoding Bβ (Clade I), 
B’θ and AβI were highly responsive to PGPR already within 24 h, while 
Bβ (Clade III) and C1 showed a late response observed one week after 
the bacterial inoculation (Figures 18 and 19). Bβ (Clade III), AβI, B’θ 
and C1 were also involved in the response to AMF in the roots grown in 
soil (Figure 22). However, Bβ (Clade III), AβI and B’θ showed no 
response to AMF in the roots grown in vermiculite. A quite limited 
microbiome in double autoclaved vermiculite, as opposed to a diverse 
and plentiful microbiome stimulated by AMF in soil (Giovannini et al. 
2020), could be one of the possible explanations why these genes 
responded differently in two different growing media. A significant 
increase in the expression level of B’κ and Bβ (Clade I) only in the 
mycorrhizal roots grown in vermiculite could be ascribed to specific 
growing conditions in this medium, which subsequently also affected the 
AM morphology (Figure 21). The C1 gene repeatedly showed high 
responsiveness to both PGPR and AMF regardless of the type of growing 
medium, underpinning the importance of the catalytic subunits from 
subfamily I for the plant-microbe interactions and supporting the results 
obtained for Arabidopsis discussed in the previous section. 
6.3 Transcriptional characterization of B’φ in WT 
tomato plants 
The analysis of the transcript abundance of B’φ in roots, young leaves 




vermiculite pointed out that B’φ was expressed at a very low level in all 
the plant organs (Figure 17). The expression of TAS14, used as ABA-
responsive marker, in plants grown in vermiculite was very high 
indicating elevated ABA levels which could be associated with abiotic 
stress, contrary to the soil-grown plants, where ABA levels were 
considerably lower in leaves and flower buds. The assay of the 
expression of TAS14 was included throughout all the experiments in 
order to deduce the role of ABA in the regulation of B’φ suggested by 
Charpentier et al. (2014).  
During the treatment with PGPR, an enhanced, up to 73% 
compared with non-treated plants, root biomass was observed in the 
roots with a significant upregulation of B’φ expression which was 
detected one and three weeks after inoculation. That upregulation was 
associated only with two out of three bacterial strains, although the 
values with statistical significance for both the B’φ expression and the 
root biomass were found only in the plants inoculated with WCS417r 
(Figures 19 and 20B). Therefore, it remained unclear whether the 
upregulation of the B’φ expression arose in response to PGPR or to 
developmental changes associated with faster growing roots. 
Furthermore, no correlations between the B’φ and TAS14 expression 
levels were observed.  
The colonization by AMF with AM formation did not cause any 
significant response in the expression of B’φ unlike e.g. C1, GAST1 and 
PT4 (Figure 22A). However, it would be premature to draw any 
conclusions about the role of B’φ in the promotion of arbuscule 
formation proposed by Charpentier et al. (2014) since only mycorrhizal 
roots with either a low level of mycorrhization (soil) or a zero level of 
arbusculation (vermiculite) were studied (Figure 30A, WT values for 




6.4 B’φ overexpression alters tomato morphology  
To gain an insight into the function of the B’φ subunit, transgenic tomato 
plants overexpressing B’φ were designed using genetic engineering 
techniques. The gain-of-function mutation in B’φ in tomato has not been 
previously studied. The overexpression of B’φ was maintained by the 
constitutive promoter CaMV 35S which is considered to be expressed in 
all plant tissues (Slater et al. 2008). The resulting transgenic tomato 
plants produced a characteristic phenotype with smaller leaves, reduced 
stem thickness, reduced shoot and root biomass (Figure 26A). 
Moreover, these plants also exhibited slowed growth and development, 
and decreased root-to-shoot ratio compared to WT. These developmental 
differences became clear four weeks after sowing. No substantial delay 
in germination time was noticed. The transgenic plants were not visually 
distinguishable from WT seedlings for the first three weeks after 
germination. Thereafter, the growth rate was slowed and by the end of 
the eighth week, while most of the WT plants had already developed 9 
leaves and begun to flower, the transgenic plants had only 8 leaves and 
small or no flower buds. By visual inspection, neither the size nor form 
of flowers and fruits were altered, unlike the seed number per fruit which 
was considerably reduced compared to WT (Figure 26B). The similar 
phenotype alterations were reported in tomato, potato and tobacco 
subjected to the genetic manipulations with GA biosynthesis or 
degradation with a consequent alteration of the production of active GAs. 
This alteration has been shown to modify the shoot and fruit growth and 
development in a similar manner as it was observed in the current b’φox 
lines (Carrera et al. 2000; Xiao et al. 2006; Chen et al. 2016). Numerous 
experiments previously conducted with the mutants with impaired GA 
production have enabled the identification of genes and enzymes 
responsible for each step of GA biosynthesis (Hedden and Kamiya 1997; 
Hedden and Proebsting 1999). However, the genes responsible for the 




studies, because most of the mutants have been screened only for stunted 
shoots. 
On the other hand, the decreased root-to-shoot ratio in the 
transgenic plants could also be attributed to adverse ABA regulation in 
response to the B’φ overexpression (Saab et al. 1990). In addition, the 
considerable reduction of AM frequency in the b’φox lines relative to WT 
may indicate GA-ABA imbalance that has been reported to impair AM 
development in ABA-deficient tomato mutants (Herrera-Medina et al. 
2007; Martin-Rodriguez et al. 2016). The suppression of ABA 
biosynthesis in that mutants also caused a reduction in arbuscule 
abundance. Unfortunately, the arbuscule study remained beyond the 
grasp of the present research because of a simultaneous application of 
several AMF species. Competition among these species could influence 
the AM morphology as well as the arbuscule development and abundance 
posing a major challenge in interpreting the results (Jansa et al. 2008; Smith 
and Read 2008b).  
6.5 Transcriptional analysis of PP2A subunits in 
the transgenic plants 
Transcriptional analysis of the PP2A subunits in the roots of the 
transgenic plants colonized and not colonized by AMF revealed that Bβ 
from Clade I had a significant increase in the expression most likely in 
response to the B’φ overexpression (Figure 31B). Like B’φ, this gene is 
also absent from the Arabidopsis genome. It remains unclear whether a 
significant increase in the expression level of B’κ and AβII detected only 
in non-mycorrhizal roots of b’φox could be ascribed to the transgene 
(Figure 31B). Moreover, further research is required to determine if the 
response of C1 and GA20ox-2 to AMF observed in the roots of WT was 




6.6 B’φ overexpression specifically influenced the 
abundance of GA- and ABA-associated 
transcripts in roots 
Considering the morphological alterations in the b’φox lines, the 
expression analysis of GA- and ABA-associated genes was also 
performed. The emphasis was on the genes involved in GA and ABA 
biosynthesis and response. The gene expression study revealed a 
substantial difference in transcript profiles between WT and the 
transgenic plants both in roots and young leaves. This difference was 
tissue-specific and more profound in the roots because the expression of 
both ABA- and GA-associated genes were affected, whereas in the 
leaves, only the GA biosynthesis genes were influenced by B’φ 
overexpression (Figures 32B and 33B). The expression of the ABA-
responsive gene TAS14 and the GA-responsive gene GAST1 was 
significantly downregulated in the roots of b’φox though this 
downregulation was more profound in the GAST1 expression. The 
substantial decrease of the GAST1 expression pointed out a lowered level 
of bioactive GAs (GA3 in particular). But this decrease does not seem to 
be associated with impaired GA biosynthesis, since the expression levels 
of the GA biosynthesis genes were not affected, or with increased ABA 
level, a negative regulator of the GAST1 expression (Shi and Olszewski 
1998). A corresponding decrease in the NCED-1 expression indicated 
that the lower levels of the TAS14 transcripts in b’φox could be ascribed 
to changes in the ABA biosynthesis. This finding is consistent with the 
results published by Charpentier et al. (2017) where B’φ was identified 
as a component of ABA-controlled pathway involved in the promotion 
of AM colonization. And, thus, the decrease of ABA level in the roots of 
b’φox could be considered as the response to the B’φ overexpression. 
However, it became evident that the B’φ overexpression also caused 
disturbances in GA homeostasis suggesting an important role of B’φ in 
GA-ABA balance. Indeed, an optimal GA-ABA balance was shown to 




and during AM formation in particular (Martin-Rodriguez et al. 2016) 
which may explain the reduced AM frequency and morphological 
changes in b’φox. Moreover, ABA and GAs relationship has an 
antagonistic manner, thus, low ABA level should promote GA 
biosynthesis and vice versa (Weiss and Ori 2007; Seo et al. 2006). But 
this mechanism seemed to be disrupted with the B’φ overexpression. 
Even though the transcript profile obtained for young leaves showed no 
alterations in the expression of GAST1 and TAS14, the transcript levels 
of the GA biosynthesis genes GA20ox-1 and -2 were significantly 
elevated upon the B’φ overexpression, apparently for maintaining an 
optimal level of bioactive GAs. The different effect of the B’φ 
overexpression on the content of bioactive GAs in roots and young 
leaves could imply that feedback regulation of the GA biosynthesis genes 
may vary with tissue and type of GA20ox or GA3ox involved, that is in 
turn could be conditioned by the predominance of one of the two GA-
biosynthetic pathways (Appendix, Figure A8).  It is also noteworthy 
that the B’φ overexpression in roots of the transgenic plants was 2.5 
times higher than that in young leaves. However, it remained unclear 
whether the drop of the level of bioactive GAs in roots and the elevated 
expression of GA20ox-1 and -2 in young leaves were due to activation 
of genes coding for Gibberellin 2-oxidases (GA2ox) responsible for the 
GA catabolism, namely the conversion of bioactive GAs into a 
biologically inactive form by means of 2β-hydroxylation. Studying the 
tomato mutants specifically overexpressing GA2ox-1 in fruits, Chen et 
al. (2016) reported a significant reduction of the seed number per fruit 
and the downregulation of the GAST1 expression. Xiao et al. (2006) 
reported defects in vegetative development of transgenic tomato with 
reduced content of bioactive GAs similar to those observed in b’φox. But 
they did not provide the information about the seed number per fruit and 
whether the alteration in the root development of those mutants was 







In this study, the role of PP2A as an important mediator in beneficial 
plant-microbe interactions was tested. To this end, Arabidopsis WT and 
various PP2A mutants with hight and low PP2A activity were treated 
with PGPR and studied phenotypically. The response of genes encoding 
certain PP2A subunits in tomato to the treatment with AMF and PGPR 
was also investigated by sqRT-PCR. In both model plants, the microbial 
stimulation revealed that the catalytic subunits from subfamily I (C2 and 
C5 in Arabidopsis and C1 in tomato) as well as the regulatory subunit 
B’θ, may play a special role in beneficial plant-microbe interactions. The 
role of the other PP2A subunits studied in this regard remains questioned 
and requires more in-depth analysis. Apart from C1 and B’θ, the most 
interesting findings from the PP2A study in tomato could be credited to 
Bβ from Clade I and III, B’κ and AβI. 
 Even though the microbial stimulation triggered no response in 
the regulatory B’φ subunit, the application of the transgenic tomato 
plants overexpressing B’φ for the phenotypic and gene expression 
analyses provided valuable information about the physiological role of 
this subunit which before this study was obscure. In the present research, 
it has become clear that B’φ can influence the ABA-GA balance by 
modulating the concentration of active GAs and is most likely controlled 
by ABA. However, it is necessary to check the expression of the genes 
controlling GA deactivation/catabolism in the roots and leaves of the 
transgenic tomato plants and to obtain the corresponding expression 
profiles of GA- and ABA-associated genes in fruits. It would be also 
reasonable to test if treatment with GA restores the WT phenotype in 
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Chemical formula Concentration of stock 
solution, g/L 
Volume used to prepare 
1L of ½ MS medium 
KNO3 95 10 ml 
NH4NO3 120 6.5 ml 
MgSO4 ∙7H2O 37 5 ml 
KH2PO4 17 10 ml 
CaCl2 ∙ 2 H2O 44 5 ml 
Fe/EDTA:  
Na2EDTA 






Minor elements I: 
ZnSO4 ∙ 7 H2O 
H3BO3 






Minor elements II: 
Na2MoO4 ∙ 2H2O 
CuSO4 ∙ 5 H2O 
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Figure A1. The total phosphatase activity in Arabidopsis WT and various mutants.  
Activity was assayed in whole 10-day-old seedlings grown on ½ MS medium and is given as 
phosphate release detected during the reaction without OA. Numbers above each column are 
mean values ±SE collected from three independent experiments (n=3). Values marked with two 
asterisks are significantly different from WT according to student’s t-test at p-value < 0.05. 
 
 
Figure A2. The total phosphatase activity in Arabidopsis WT and selected mutants. 
Activity was assayed separately in roots (white bars) and shoots (black bars) from 10-day old 
seedlings grown on ½ MS medium and is given as phosphate release detected during the reaction 
without OA. Numbers above each column are mean values ±SE collected from three independent 
experiments(n=3). Values marked with two asterisks are significantly different from WT 






























































































Figure A3. The total phosphatase activity of Arabidopsis WT in roots and shoots treated 
and not treated with PGPR. 
Activity was assayed separately in roots (white bars) and shoots (black bars) and is given as 
phosphate release detected during the reactions without OA. Numbers above each column are 
mean values ±SE collected from three independent experiments (n=3). Values for plants treated 
with bacteria were not significantly different from non-treated plants according to student’s t-test 











































Figure A5. Growth parameters of WT, c2 and various b’-mutants treated with P. simiae 
WCS417r. 
 Seedlings of Arabidopsis WT, c2 and b’- mutants were cultivated without (grey bars) and with 
(black bars) P. simiae WCS417r for two weeks. (A) primary root length; (B) primary root 
thickness; (C) number of lateral roots; and (D) lateral root density.  Data are means ± SE of 15 
plants (n=15). Columns marked with two asterisks are significantly different from the control 
without bacteria according to student’s t-test at p-value < 0.05. 
 
Figure A4. Visual phenotype of Arabidopsis WT, c2 and various b’-mutants treated 
with P. simiae WCS417r. 
Seedlings of Arabidopsis WT and mutants (c2, b’ alpha, beta, gamma, zeta and theta) grown 









Figure A6. Scatter plot of PP2A activity and fresh weight changes in Arabidopsis WT and 
mutants caused by P. simiae WCS417r. 
Fresh weight changes in roots (circles) and shoots (triangles). Data are from Fig. 4, 7 and 9. (A) 
and (B) Pearson’s correlation coefficient │r│ > 0.7 was considered as strong, (B) c4c5 was 
assumed as an outlier and not used in the calculations. 
 
 
Figure A7. Scatter plot of PP2A activity and fresh weight changes in Arabidopsis WT and 
mutants caused by A. brasilense.  
Fresh weight changes in roots (circles) and shoots (triangles). Only Pearson’s correlation 
coefficient │r│ > 0.7 was considered as strong.  Data are from Fig. 4, 12 and 14. (A) and (B) A. 
brasilense Sp245, in (B) c2c5 was assumed as an outlier and not used in the calculations. (C) and 





Table A2. Composition of Hoagland solution (Hoagland and Arnon 1950). 
Stock solutions Volume added/L Final concentration 
1 M KH2PO4  1 ml 1 mM PO43- 
1M KNO3 5 ml 5 mM NO3- 
1M Ca(NO3)2 x4H2O 5 ml 10 mM NO3-, 5mM Ca2+ 
1M MgSO4x7H2O 2 ml 2mM Mg2+, 2mM SO42- 
1% Fe-EDTA 1 ml  
Micronutrients: 
H3BO3                     2.6 g/L 
MnCl2 x 4H2O        1.81 g/L 
CuSO4 x 5H2O       0.089 g/L 
ZnSO4 x 7H2O        0.22 g/L 




































Table 3A. Primer specification (continued). 
a Primers used with Phire® Hot Start II DNA Polymerase 




Table A4. Supplementary to Figure 16.  
 
 
Table A5. Supplementary to Figure 17. 
 
B'ϕ B55 β (Clade III) B' θ C1 TAS14
Roots 0.22 ± 0.02 0.35 ± 0.04 0.50 ± 0.04 0.85 ± 0.06 0.67 ± 0.03
Young Leaves 0.10 ± 0.02 0.64 ± 0.02 0.45 ± 0.07 0.41 ± 0.07 0.35 ± 0.07
Flower buds 0.05 ± 0.01 0.41 ± 0.13 0.42 ± 0.13 0.43 ± 0.03 0.44 ± 0.13
Roots 0.06 ± 0.06 0.39 ± 0.07 0.22 ± 0.01 0.81 ± 0.07 0.96 ± 0.06
Young leaves 0.10 ± 0.03 0.60 ± 0.07 0.35 ± 0.04 0.76 ± 0.10 0.86 ± 0.05







treatment B'ϕ Bβ (Clade I) Bβ (Clade III)B' θ B'κ AβI AβII C1 C2 TAS14 
Control 0.10 ± 0.02 0.37 ± 0.12 0.42 ± 0.13 0.34 ± 0.01 0.68 ± 0.06 0.41 ± 0.08 0.80 ± 0.06 0.74 ± 0.05 0.94 ± 0.05 0.77 ± 0.09
Sp245 0.12 ± 0.01 0.30 ± 0.05 0.75 ± 0.03 0.17 ± 0.02 0.75 ± 0.04 0.43 ± 0.02 0.76 ± 0.03 0.81 ± 0.06 0.91 ± 0.06 0.75 ± 0.16
FAJ0009 0.15 ± 0.01 0.56 ± 0.12 0.54 ± 0.17 0.09 ± 0.05 0.77 ± 0.08 0.46 ± 0.04 0.78 ± 0.14 1.00 ± 0.01 0.92 ±0.07 1.04 ± 0.14
WCS417r 0.14 ± 0.03 0.35 ± 0.10 0.56 ± 0.10 0.04 ± 0.00 0.68 ± 0.01 0.23 ± 0.05 0.69 ± 0.03 0.71 ± 0.07 0.78 ± 0.05 0.84 ± 0.08
Control 0.13 ± 0.01 0.03 ± 0.01 0.22 ± 0.01 0.35 ± 0.02 0.51 ± 0.02 0.36 ± 0.01 0.68 ± 0.03 0.91 ± 0.10 1.06 ± 0.02 0.83 ± 0.06
Sp245 0.12 ± 0.01 0.16 ± 0.04 0.38 ± 0.04 0.29 ± 0.02 0.60 ± 0.02 0.27 ± 0.03 0.58 ± 0.06 1.00  ± 0.15 1.04 ± 0.10 0.58 ± 0.05
FAJ0009 0.12 ± 0.01 0.40 ± 0.04 0.39 ± 0.04 0.18 ± 0.03 0.50 ± 0.02 0.26 ± 0.03 0.61 ± 0.01 0.81 ±  0.02 1.19 ± 0.05 0.69 ± 0.05
WCS417r 0.13 ± 0.03 0.33 ± 0.06 0.38 ± 0.01 0.12 ± 0.02 0.65 ± 0.07 0.26 ± 0.06 0.56 ±0.06 0.90 ± 0.10 1.12 ± 0.10 0.74 ± 0.09
Control 0.07 ± 0.01 0.32 ± 0.07 0.62 ± 0.05 0.25 ± 0.05 1.14 ± 0.01 0.54 ± 0.1 0.78 ± 0.10 0.81 ± 0.08 0.79 ± 0.15 1.20 ± 0.03
Sp245 0.08 ± 0.00 0.42 ± 0.03 0.68 ± 0.03 0.20 ± 0.03 1.14 ± 0.01 0.56 ± 0.10 0.92 ± 0.05 0.89 ± 0.04 0.73 ± 0.17 1.22 ± 0.19
FAJ0009 0.11 ± 0.06 0.38 ± 0.07 0.83 ± 0.01 0.25 ± 0.06 0.67 ± 0.06 0.43 ± 0.01 0.90 ± 0.03 0.84 ± 0.14 0.56 ± 0.02 1.17 ± 0.09
WCS417r 0.15 ± 0.08 0.61 ± 0.18 0.75 ± 0.10 0.33 ± 0.17 1.13 ± 0.14 0.52 ± 0.05 0.87 ± 0.03 1.02 ± 0.07 0.53 ±0.13 1.21 ± 0.15
Control 0.06 ± 0.01 0.71 ± 0.07 0.21 ± 0.01 0.42 ± 0.05 0.69 ± 0.06 0.36 ± 0.03 0.62 ± 0.02 0.47 ± 0.08 0.91 ± 0.06 0.80 ± 0.03
Sp245 0.07 ± 0.01 0.65 ± 0.02 0.28 ± 0.02 0.34 ± 0.08 0.75 ± 0.10 0.54 ± 0.05 0.70 ± 0.03 0.95 ± 0.15 1.00 ± 0.08 0.86 ± 0.07
FAJ0009 0.09 ± 0.01 0.78 ± 0.10 0.31 ± 0.04 0.35 ± 0.02 0.86 ± 0.12 0.43 ± 0.03 0.75 ± 0.06 0.98 ± 0.06 1.03 ± 0.05 0.86 ± 0.07


















medium B'ϕ Bβ (Clade I) Bβ (Clade III) B' θ B'κ AβI
Control 0.22  ± 0.02 0.55  ± 0.03 0.35  ± 0.04 0.50  ± 0.04 0.80  ± 0.01 0.31  ± 0.05
AMF 0.18  ± 0.01 0.56  ± 0.10 0.51  ± 0.05 0.04  ± 0.02 0.89  ± 0.07 0.48  ± 0.02
AβII C1 C2 TAS14 GAST1 PT4
Control 0.52  ± 0.00 0.85  ± 0.06 0.79  ± 0.07 0.67  ± 0.03 0.46  ± 0.07 0.18  ± 0.07
AMF 0.58  ± 0.07 0.45  ± 0.16 0.79  ± 0.07 0.68  ± 0.02 0.30  ± 0.08 0.39  ± 0.08
B'ϕ Bβ (Clade I) Bβ (Clade III) B' θ B'κ AβI
Control 0.11 ± 0.02 0.33 ± 0.02 0.18 ± 0.01 0.14 ± 0.01 0.64 ± 0.03 0.18 ± 0.03
AMF 0.11 ± 0.02 0.43 ± 0.02 0.18 ± 0.01 0.13 ± 0.02 0.74 ± 0.04 0.17 ± 0.02
AβII C1 C2 TAS14 GAST1 PT4
Control 0.53 ± 0.06 0.57 ± 0.02 0.80 ± 0.07 0.91 ±0.09 0.28 ± 0.07 0.20 ± 0.03









ID B'ϕ Bβ (Clade I) Bβ (Clade III) B' θ B'κ AβI
WT 0.11 ± 0.02 0.33 ± 0.02 0.18 ± 0.01 0.13 ± 0.01 0.64 ± 0.02 0.18 ± 0.03
b'φ ox (F 0 ) 1.21 ± 0.09 0.51 ± 0.00 0.22 ± 0.01 0.12 ± 0.01 0.89 ± 0.05 0.17 ± 0.03
AβII C1 C2 TAS14 GAST1 PT4
WT 0.53 ± 0.06 0.57 ± 0.02 0.80 ± 0.07 0.91 ± 0.05 0.28 ± 0.03 0.20 ± 0.02
b'φ ox (F 0 ) 0.83 ± 0.04 0.57 ± 0.11 0.87 ± 0.02 0.74 ± 0.05 0.09  ± 0.02 0.20 ± 0.02
B'ϕ Bβ (Clade I) Bβ (Clade III) B' θ B'κ AβI
WT 0.11 ± 0.02 0.43 ± 0.02 0.18 ± 0.01 0.13 ± 0.02 0.74 ± 0.04 0.17 ± 0.02
b'φ ox (F 0 ) 1.12 ± 0.06 0.60 ± 0.00 0.22 ± 0.02 0.11 ± 0.01 0.75 ± 0.07 0.18 ± 0.03
AβII C1 C2 TAS14 GAST1 PT4
WT 0.64 ± 0.04 0.73 ± 0.04 0.87 ± 0.02 0.90 ± 0.06 0.17 ± 0.06 0.26 ± 0.04










Table A8. Supplementary to Figure 31. 
 
 





Figure A8. The GA-biosynthetic pathway from trans-geranylgeranyl diphosphate to GA1, 
GA3 and GA4. 
GGDP, trans-geranylgeranyl diphosphate; CPS, ent-copalyl diphosphate synthase; KS, ent-
kaurene synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxide (Hedden and 
Thomas 2012). 
Sample
ID B'ϕ NCED-1 TAS14 GA20ox-1 GA20ox-2 GA20ox-3 GA20ox-4 GA3ox-1 GA3ox-2 GAST1
Control WT 0.11 ± 0.02 0.81 ± 0.07 0.91 ± 0.05 0.44 ± 0.04 0.08 ± 0.02 0.43 ± 0.05 0.18 ± 0.04 0.39 ± 0.05 0.00 0.28 ± 0.03
b'φ ox (F 0 ) 1.21 ± 0.09 0.61 ± 0.02 0.74 ± 0.05 0.34 ± 0.06 0.11 ± 0.03 0.51 ± 0.03 0.16 ± 0.04 0.33 ± 0.02 0.00 0.09  ± 0.02
AMF WT 0.11 ± 0.02 0.81 ± 0.08 0.90 ± 0.06 0.45 ± 0.07 0.14 ± 0.04 0.46 ± 0.02 0.19 ± 0.10 0.31 ± 0.03 0.00 0.17 ± 0.06
b'φ ox (F 0 ) 1.12 ± 0.06 0.68 ± 0.03 0.56 ± 0.06 0.45 ± 0.01 0.12 ± 0.03 0.56 ± 0.02 0.26 ± 0.05 0.34 ± 0.01 0.00 0.07 ± 0.01
Treatment Gene ID
Sample
ID B'ϕ NCED-1 TAS14 GA20ox-1 GA20ox-2 GA20ox-3 GA20ox-4 GA3ox-1 GA3ox-2 GAST1
WT 0.18 ± 0.01 0.82 ± 0.15 0.61 ± 0.03 0.47 ± 0.02 0.05 ± 0.01 0.21 ± 0.01 0.11 ± 0.01 0.31 ± 0.02 0.43 ± 0.02 0.45 ± 0.05
b'φ ox (F 1 ) L10 0.73 ± 0.03 0.76 ± 0.03 0.61 ± 0.01 0.53 ± 0.02 0.12 ± 0.01 0.19 ± 0.04 0.09 ± 0.01 0.35 ± 0.04 0.41 ± 0.02 0.50 ± 0.06







Figure A 9. Schematic representation of biosynthesis of ABA via the terpenoid pathway. 
The biosynthesis is initiated in plastids, where isopentenyl diphosphate is converted to C40 
xanthophyll zeaxanthin. Zeaxanthin is further catalysed by zeaxanthin epoxidase (ZEP) to all- 
trans-Violaxanthin. All-trans-Violaxanthin is converted to 9-cis-violaxanthin or 9-cis-
neoxanthin and cleaved by the 9-cis-epoxy carotenoid dioxygenase (NCED) to form a C15 
intermediate product called xanthoxin. Xanthoxin is then exported to cytosol. In cytosol, 
xanthoxin is converted to an ABA aldehyde by the enzyme, short-chain alcohol 
dehydrogenase/reductase (SDR), and then oxidation of the abscisic aldehyde to ABA is catalysed 









Specific PP2A catalytic subunits are a 
prerequisite for positive growth effects in 
Arabidopsis co-cultivated with Azospirillum 
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PROTEIN PHOSPHATASE 2A (PP2A) expression is crucial for the symbiotic 
association between plants and various microbes, and knowledge on these 
symbiotic processes is important for sustainable agriculture. Treatment of 
tomato plants (Solanum lycopersicum) with the plant growth-promoting 
rhizobacteria (PGPR) Azospirillum brasilense and Pseudomonas simiae 
indicated a role for the PP2A B’ subunit in responses to PGPR. Arbuscular 
mycorrhizal fungi also influenced B’  transcript levels, but only in soil-grown 
plants with canonical arbuscular mycorrhizae, not in vermiculite-grown plants 
which had only vesicular mycorrhizae.  Expression of the PP2A subunit B’φ in 
tomato roots was surprisingly low compared with its orthologue B’1 in 
Medicago truncatula, which had previously been found to stimulate 
mycorrhization. Expression of B’φ was not influenced by mycorrhization. In 
transformed tomato plants with 10-fold enhanced B’φ expression, 
mycorrhization frequency was lowered in vermiculite-grown plants, and the 
high B’φ expression influenced the abscisic acid and gibberellic acid responses 
involved in plant growth and mycorrhization. Plants over-expressing B’φ 
showed less vigorous growth, and although fruits were normal size, the number 
of seeds was reduced by 60% compared to the original cultivar. Expression data 
and phenotype observations support a function of B’φ in growth and 
development in addition to a role in mycorrhization.  
 
KEYWORDS 
abscisic acid, Azospirillum brasilense, gibberellin, mycorrhiza, PP2A, PGPR, 





Plants are colonized by a wide range of microorganisms, beneficial as 
well as harmful (Hacquard, Spaepen, Garrido-Oter, & Schulze-Lefert, 
2017; Lee et al., 2019; Müller, Vogel, Bai, & Vorholt, 2016). The 
beneficial microorganisms such as plant growth-promoting rhizobacteria 
(PGPR) and arbuscular mycorrhizal fungi (AMF) can improve nutrient 
acquisition and water uptake and protect the host against pathogens and 
abiotic stress. The effects of PGPR have been studied for many years and 
frequently used bacteria model species are Azospirillum brasilense and 
Pseudomonas simiae (Bulgarelli, Schlaeppi, Spaepen, Van Themaat, & 
Schulze-Lefert, 2013; Fibach-Paldi, Burdman, & Okon, 2012; 
Wintermans, Bakker, & Pieterse, 2016). A. brasilense already has 
practical applications in agriculture (Fibach-Paldi et al., 2012), and field 
studies have shown that certain pseudomonads strains and arbuscular 
mycorrhizal fungi can increase yield and quality of tomato plants grown 
under sub-optimal fertilization conditions (Bona et al., 2017). 
Mycorrhizae are a symbiosis between plants and fungi that evolved 
early, about 460 million years ago, and is likely to have been important 
for plants to colonize land. Mycorrhizae are important for uptake of 
nutrients, tolerance to drought, and may also be important for improving 
defence against pathogens. Arbuscular mycorrhizae (AM) are the most 
common type of mycorrhizae and more than 85% of land plant species 
can form arbuscular mycorrhizae. The mechanisms of signalling 
between plants and microbes, establishment and upholding of symbiosis 




Protein phosphatase 2A is a major protein phosphatase in plants 
and is involved in regulation of metabolism, development, stress 
responses and interactions with microbes (Durian, Rahikainen, Alegre, 
Brosché, & Kangasjärvi, 2016; Lillo et al., 2014; Uhrig, Labandera, & 
Moorhead, 2013). The PP2A complex is made up of three canonical 
subunits, a catalytic (C), a scaffolding (A) and a regulatory (B) subunit. 
In tomato there are at least five putative C, three A, and 15 B subunits 
(Booker & DeLong, 2017). The large number of B subunits is important 
for the various PP2A complexes to be specific for different substrates 
and cellular localizations (Farkas, Dombradi, Miskei, Szabados, & 
Koncz, 2007; Matre, Meyer, & Lillo, 2009). PP2A involvement in 
microbe and plant symbiosis is evident from work with the maize 
pathogenic bacterium Pantoea stewartii and the broad host (including 
tomato) pathogen Phytophtora capsi since both pathogens produce 
effectors that weaken the defence of plants by interacting with PP2A 
subunits (X.-R. Chen et al., 2019; Jin et al., 2016). In yeast-two-hybrid 
screening, the effector from P. stewartii interacted with a maize 
regulatory B’ subunits, and the effector from P. capsi interacted with 
scaffolding A subunits from pepper, Nicotiana ssp. and Arabidopsis. The 
PP2A catalytic subunits divide into two clades in higher plants, and the 
two genes C1 and C2 form one clade in tomato (Subfamily I). The 
Subfamily 1 was previously found to be involved in responses to 
bacterial treatments in both tomato and potato plants. In tomato, 
Pseudomonas syringae enhanced expression of the catalytic subunit C1, 




subunits of Subfamily I showed that they were involved in defence 
responses (He et al., 2004). In the present study, both Subfamily I genes 
of tomato were included in expression analysis.  
When evaluating a range of plant species, the ability to make 
mycorrhizae was found to correlate with possession of a regulatory PP2A 
subunit called B’φ (Matthew A. Booker & Alison DeLong, 2017). The 
B’φ clade is evolutionary very old and has not expanded, indicating that 
it is involved in some basic function. The B’φ clade has not been much 
studied except for a couple of investigations using Medicago sativa and 
M. truncatula (Charpentier, Sun, Wen, Mysore, & Oldroyd, 2014; Tóth 
et al., 2000), and to our knowledge no studies have been performed with 
tomato on B’φ Based on the work referred above, we selected the 
B’φ gene as a candidate for being involved in the formation of 
mycorrhizae in tomato, and included in the present study. Hormones, 
including abscisic acid (ABA) and gibberellins (GA), are important for 
development of AM in tomato roots (Herrera-Medina, Steinkellner, 
Vierheilig, Ocampo Bote, & Garcia Garrido, 2007). ABA also 
participates in the induction of AM associated with PP2A expression in 
Medicago truncatula (Charpentier et al., 2014). Since ABA is important 
in AM formation the tomato B (clade III) gene was included as an 
ortholog of the ABA-induced gene subunit in Medicago ssp. (Tóth et al., 
2000). Expression of reporter genes for ABA and GA responses were 
also assayed in the study. In Arabidopsis, B’ had previously been 
detected to be involved in the response to microbial treatment (Kataya, 




included in all expression experiments here. To shed light on 
physiological function of PP2A in plant-microbe symbiosis, tomato 
plants were grown in vermiculite or soil and treated with PGPR or AMF 
(AM fungi). Transcripts of the selected PP2A subunits were tested in 
tomato (cv. Heinz) and also in the Heinz cultivar transformed, b’φox, to 




2. MATERIAL AND METHODS  
 
2.1 Plant material 
Plants of Solanum lycopersicum cv. Heinz were used, and transgenic 
plants over-expressing B’φ were generated from hypocotyls of the Heinz 
cultivar using Agrobacterium-mediated transformation. 
 
2.2 Standard growing conditions for gene expression analysis in 
different plant organs 
Tomato plants were grown in soil (75% potting soil and 25% 
vermiculite) in 0.5 L pots or in double autoclaved vermiculite in 0.4 L 
Magenta boxes (punctured at the bottom) at 22 °C in a 16 h light/8 h dark 
regimen. All plants were given Hoagland solution at sowing (Hoagland 
& Arnon, 1950). Light was provided by fluorescent lamps (Osram 
L58W/77). Plants were watered weekly with tap water and (only for 
vermiculite) monthly with Hoagland solution. Root tissue, young leaves 
and flower buds of 5-12 mm were snap-frozen in liquid nitrogen with 
subsequently stored at – 80 °C until used for gene expression analysis.  
 
2.3 Plant growing conditions for PGPR experiment 
Tomato plants were grown in 0.4 L Magenta boxes with (double) 
autoclaved vermiculite at 22 °C under artificial light in the 16 h light/8 h 
dark regimen and watered weekly with Hoagland solution. On day 41 
after sowing the plants were inoculated with 50 mL of bacteria 
suspended in 10 mM MgSO4, 5x10




and 2.5 x105 cells/mL for P. simiae WCS417r. Control plants were given 
10 mM MgSO4 only. Root tissue was harvested 2 h, 24 h, 1 week and 3 
weeks after inoculation.  
 
2.4 Plant growth-promoting bacterial strains (PGPR), growth and 
inoculation 
Three bacterial strains were used: Azospirillum brasilense Sp245 wild-
type strain (Spaepen, Bossuyt, Engelen, Marchal, & Vanderleyden, 
2014), its ipdC-knockout mutant FAJ0009 (Sp245 ipdC::Tn5) impaired 
in auxin biosynthesis (Costacurta, Keijers, & Vanderleyden, 1994; 
Spaepen et al., 2007), and Pseudomonas simiae (formerly Pseudomonas 
fluorescens)  WCS417r, a rifampicin-resistant strain derived from 
Pseudomonas simiae WCS417 originally isolated from the rhizosphere 
of wheat grown in Brasil (Pieterse, vanWees, Hoffland, vanPelt, & 
vanLoon, 1996). For tomato inoculation, P. simiae WCS417r was 
cultured on King B medium (King, Ward, & Raney, 1954) with 50 
μg/mL rifampicin at 28°C overnight. Colonies were loosened in 10 mL 
of 10 mM MgSO4 (Pieterse et al., 1996; Van Wees, Van Pelt, Bakker, & 
Pieterse, 2013), collected into a 15 mL Falcon tube and centrifuged at 
4000 g for 5 min followed by 2 subsequent washes, the pellet was 
resuspended in fresh 10 mM MgSO4 to the appropriate concentration 
(Verhagen, Trotel-Aziz, Couderchet, Hofte, & Aziz, 2010). Azospirillum 
strains were cultured at 37°C for 48 h on LB agar supplemented with 2.5 
mM CaCl2 and 2.5 mM MgSO4. For FAJ0009, 50 μg/mL kanamycin was 




LB broth supplemented with 2.5 mM CaCl2, 2.5 mM MgSO4 at 37°C 
shaking at 180 rpm overnight. The overnight culture (0.1 mL) was 
subcultured in 50 mL of appropriately supplemented LB broth and 
incubated under the same conditions.  On the following day, the bacteria 
were pelleted and re-suspended in 10 mM MgSO4 to the appropriate 
concentration and used for inoculation. 
 
2.5 Plant growing conditions for AMF experiments 
The inoculum of AMF was obtained from the granular formulation under 
the commercial name “Rootgrow” (PlantWorks Ltd, Sittingbourne, UK) 
containing propagules of spores, hypha and root fragments colonized by 
Funneliformis mossaeae, F. geosporus, Claroideoglomus claroideum, 
Glomus microagregatum, Phizophagus irregularis (Bona et al., 2017). 
Rootgrow, 1.5 mL granules, were added to the planting hole in each 
pot/Magenta box and covered with a small amount of soil or vermiculite 
before sowing tomato seeds or planting seedlings. No granules (soil) or 
triple autoclaved granules (vermiculite) were added to the growing 
medium for control plants. The plants were grown at 22 °C in a 16 h 
light/8 h dark (soil) or 12h light/12 dark (vermiculite) regimen and 
watered weekly with tap water (soil) or Hoagland solution (vermiculite) 
with ten times reduced phosphate concentration (0.1 mM PO4
3- ) for at 
least seven weeks or until plants showed profound signs of phosphate 
deficiency. Thereafter, the plants were watered with regular Hoagland 
weekly (soil and vermiculite). Two weeks prior to harvesting, the plants 





2.6 Sample preparation for bright-field microscopy  
The harvested roots were washed with tap water, boiled in 10% KOH for 
1 min and left in this solution overnight at room temperature. Roots were 
then rinsed with tap water and dipped in 3.7% solution of hydrochloric 
acid for 2-3 minutes. After removing the acid solution, staining solution 
was added. Staining solution was made from one volume of: 25% 
phenol, 25% lactic acid, 25% glycerol, 25 % of 4 mg/mL trypan blue 
stock solution, plus two volumes of 95% ethanol (Weigel & Glazebrook, 
2002). Root tissue was placed in Eppendorf tubes, covered with the 
staining solution, and heated in a boiling water bath for 1 min with 
subsequent incubation on a shaker at room temperature for 4-16 h. After 
removing the staining solution, the roots were covered with a destaining 
solution (2.5 g/mL chloral hydrate) (Vierheilig, Schweiger, & 
Brundtrett, 2005) and incubated for 6 h at room temperature before the 
solution was replaced with a fresh one and incubated overnight. The 
destaining solution was removed prior to covering the roots with 70 % 
glycerol. Three slides with 20 stained root fragments, 5-8 mm, from each 
plant were examined under a light microscope with 10x and 100x 
magnification for AM structures such as spores, vesicles and arbuscules. 
The frequency of AMF colonization (F%) was calculated as a percentage 







2.7 Plasmid construct and agrobacterium preparation 
To generate transgenic plants over-expressing B’φ, the full-length DNA 
sequence (1494 bp) of the B’φ gene (NCBI Reference Sequence: 
LOC101256045) was cloned into the pBA002 binary vector at the 
Xhol/SpeI sites (Kost, Spielhofer, & Chua, 1998) using flanking primers 
B’φ: forward primer (5’-TAGCACTCGAGATGACAAATTTTCTTG 
ATTCTGAGACAG-3’) and B’φ: reverse primer (5’-CCACTAGT 
TCACATTGCTGCATTTTCAATTTTTTCCC-3’). The pBA002 
plasmid contains the cauliflower mosaic virus 35S promotor, which 
constitutively drives the expression of the transgene in all plant tissues 
at a high level (Slater, Scott, & Fowler, 2008). 
The pBA002 plasmid also harbours spectinomycin resistance for 
selection in bacteria and the herbicide phosphinothricin (BASTA) 
resistance for selection in plants. To generate transgenic b’φox plants, the 
pBA002-B’φ plasmid was transferred into the ABI-1 strain of 
Agrobacterium tumefaciens by the freeze-thaw procedure (Holsters et 
al., 1978). Agrobacterium tumefaciens ABI-1 strain, a derivative of the 
well-known GV3101 strain (pMP90RK) (Ruan et al., 2018), was kindly 
provided by Dr. Amr Ramzy Abass Kataya, UiS, Norway. Prior to the 
tomato transformation, 5 mL of LB broth with 50 μg/mL kanamycin and 
50 μg/mL spectinomycin was inoculated with A. tumefaciens and 
incubated at 28 °C on a shaker at 200 rpm for two days, then1 mL of the 
culture was subcultured in 100 mL of LB broth containing the same 
antibiotics and incubated for about 24 h under the same conditions until 




MS medium (Sun et al., 2015) to OD600 = 0.2 (Pawar, Bhausaheb & S. 
jadhav, A & Chimote, Vivek & Kale, & Aa & Pawar, 2013) and used for 
the tomato transformation.  
 
2.8 Plant tissue and transformation by Agrobacterium  
Tomato seeds were surface sterilized with 75% ethanol for 1 min and 
15% hydrogen peroxide for 15 min, rinsed with water, germinated on 
MS medium (4.3 g/L MS salts (Sigma-Aldrich, USA), 3% sucrose, 0.8 
% agar, pH 5.8) and cultivated at 22 °C in a 16 h light/8 h dark regimen 
for 20 days or until the cotyledons had opened completely. Three days 
before transformation the hypocotyls were cut into 7-10 mm fragments 
(explants) and placed on pre-culture medium (MS salts, 3 % sucrose, 
vitamins, 0.5mg/L indole-3-acetic acid (IAA), 1 mg/L 
benzylaminopurine (BAP), 0.7% agar, pH 5.8) (Chetty et al., 2013) and 
incubated for 72 h in the dark at 27 °C (Pawar et al., 2013; Sun et al., 
2015). For transformation, all the explants were immersed in the 
Agrobacterium suspension and shaken for 20 min at room temperature, 
blotted dry and transferred to the co-cultivation medium (MS salts, 
vitamins, 3% sucrose, 0.7 % agar, 0.5 mg/L IAA and 1 mg/L BAP) and 
incubated for two days in the dark at room temperature (Chetty et al., 
2013; Sun et al., 2015). Explants were then placed on shoot induction 
medium (MS salts, vitamins, 3% sucrose, 0.7 % agar, 250 mg/L 
cefotaxime, 250 mg/L carbenicillin, 10 mg/L BASTA, 0.5 mg/L IAA 
and BAP 2 mg/L) for further cultivation at 22 °C with 16 h photoperiod 




developing Basta-resistant calli produced shoots. The shoots were 
excised from the calli and transferred to root induction medium (MS 
salts, vitamins, 3% sucrose, 0.7 % agar, 250 mg/L cefotaxime, 250 mg/L 
carbenicillin, 0.5 mg/L IAA, 10 mg/L BASTA) and cultivated for 30 
days.  Plants developed from the tomato explants were genotyped using 
Phire® Plant Direct PCR Kit (Thermo Fisher Scientific, Waltham, USA) 
and transferred either to vermiculite or soil for further growth. The 
transformed plants obtained from the explants were considered as F0 
progeny of b’φox. Transgenic lines from F0 and F1 progenies were used 
for further analyses. 
 
2.9 Semi-quantitative RT-PCR analysis 
Total RNA was isolated from roots, leaves or flower buds using 
RNeasy® Plant Mini Kit (Qiagen, Hilden, Germany), and cDNA was 
synthesized using SuperScript™ VILO™ cDNA Synthesis Kit 
(Invitrogen by Thermo Fisher Scientific, USA). Polymerase chain 
reaction (PCR) was performed in 10 µL reactions using DreamTaq DNA 
Polymerase kit (Thermo Fisher Scientific, Vilnius, Lithuania). The PCR 
products were separated on agarose gel and quantified using Bio-Rad 
Image-Lab 6.0 Software. The averaged value of the band intensities from 
three plants was used to calculate a transcript level. Relative 
quantification of the transcript levels was based on normalization of the 
target gene band densities with respect to ACTIN41. The primer 





2.10 Statistical analysis  
Data were analysed by student’s t-test using the Excel statistical package 
(version Microsoft 385) or one-way ANOVA with Turky’s multiple range test 




3.1 Expression of PP2A subunit genes in different tissues 
Expression levels of selected PP2A subunit genes and TAS14 as an ABA 
responsive gene (Godoy, Pardo, & Pintor-Toro, 1990) are presented in 
Figure 1. Strikingly, B’φ was expressed at very low levels in all tissues 
tested, in some tissues barely detectable. Expression of B’  was not 
much influenced by type of tissue but was always lower in vermiculite-
grown plants compared with soil-grown plants, the lowest value was in 
roots of vermiculite-grown plants. The B (clade III) gene showed its 
lowest expression in roots, highest in leaves and medium values in flower 
buds, but showed no correlation with the TAS14 reporter gene. The C1 
gene was highly expressed in roots in both soil and vermiculite, but more 
moderately in leaves and buds of soil-grown compared with vermiculite-
grown plants. TAS14 was always more highly expressed in vermiculite 
compared with soil, indicating more ABA or higher ABA sensitivity in 
vermiculite-grown plants. Publicly available expression analysis from 
the Sol genetics database (Fernandez-Pozo et al., 2015) revealed similar 
expression patterns for these genes in roots and leaves in S. lycopersicum 
seedlings confirming very low levels of B’φ in all tissues (Supplemental 





FIGURE 1. Gene expression of selected PP2A subunits in different plant 
tissue from 3.5-month-old-tomato plants determined by sqRT-PCR. (a-c) 
Plants grown in soil and (d-e) Plants in vermiculite. Transcript levels of B’φ, 
B’, B (clade III), C1 and TAS14 were measured in (a, d) Roots; (b, e) 
Leaves; and (c, f) Flower buds. Values denote the average level of expression 
from three biological replicates normalized by the reference gene ACTIN41. 
Mean values ±SE are shown. 
 
3.2 Effects of PGPR treatment 
Gene expression was studied in roots from plants grown in vermiculite 
and treated with three strains of PGPR, A. brasilense Sp245, A. 
brasilense FAJ0009 (auxin producing deficient mutant) and P. simiae 
WCS417r. Samples were harvested from 2 h to 3 weeks after inoculation 
(Figure 2).  B’φ expression was slightly increased one week after 
treatment with P. simiae WCS417r but was still the gene expressed at 
the lowest level compared with all other genes tested (Figure 2a-g). The 
similar effects of A. brasilense and its auxin-deficient FAJ0009 strain on 
B’φ expression indicate that the expression of this gene is independent 




of B’ after 2 h and 24 h in bacteria-treated roots, especially in response 
to P. simiae WCS417r (Figure 2b). This response was also auxin 
independent because A. brasilense FAJ0009 strain induced a similar or 
stronger effect than wild type A. brasilense. B’ expression then regained 
control levels after 1 and 3 weeks. For the B (Clade I) gene, expression 
was decreased in the control after 24 h, but this decrease was largely 
prevented by bacterial treatments. The control then regained activity, and 
after 3 weeks there was no difference between control and inoculated 
plants (Figure 2c). For B (Clade III) there was also a tendency that 
bacterial treated plants showed higher activity than the control (Figure 
2d). Expression of C1 decreased after 3 weeks in control plants, but this 
was prevented in the bacterial treated plants (Figure 2e). Expression of 
the C2 gene and the TAS reporter gene were not much influenced by any 
of the bacterial strains (Figures 2f, g). 
Fresh weight of roots and shoots was measured three weeks after 
inoculation and showed that roots of PGPR-treated plants had higher 
fresh weight than control plants, but this was significant only for 
WCS417r (Figure 3). This effect was independent of auxin, as 
inoculation with the auxin-deficient FAJ0009 strain showed rather 
stronger but not significant increase in root growth compared with the 






FIGURE 2. Time course for expression of selected PP2A subunits and TAS14 
in tomato roots inoculated with PGPR. Tomato plants were grown in 
vermiculite for 40 days. Thereafter, treated with 10 mM MgSO4 (control) 
(white bars), Sp245 (grey bars), FAJ0009 (hatched bars) and WCS417r (black 
bars) and harvested after 2h, 24 h, 1 week and 3 weeks. Genes analysed were 
(a) B’φ; (b) B’; (c) B (clade I); (d) B (clade III); (e) C1; (f) C2; (g) TAS14. 
Columns marked with one or two asterisks are significantly different from the 







FIGURE 3. Fresh weight of plants after inoculation with PGPR and grown in 
vermiculite for three weeks. Tomato roots are represented by white bars and 
shoots by black bars.  Data are means ± SE of 4 plants (n = 4). The bar marked 
with two asterisks is significantly different from the control plants according to 
student’s t-test at p-value ˂ 0.05. Pictures of plants are in Figure S2. 
 
3.3 Effects of colonization by AMF 
Tomato plants were inoculated with AMF in both soil and vermiculite. 
Since establishment of mycorrhizae is a time-requiring process, samples 
for gene expression were harvested 3.5 months after planting and 
inoculation with AMF. Microscopy analysis showed that the type of 
growing medium strongly influenced AM morphology. Roots grown in 
soil formed canonical AM usually observed when roots are colonized by 
more than one AMF species (S. E. Smith & D. Read, 2008). Roots in 
vermiculite formed vesicular mycorrhizae (VM). No AM was observed 






FIGURE 4. Morphology of AM colonization in tomato roots stained with 
trypan blue 3.5 months after inoculation with AMF. Bright-field images of 
roots grown in (a) soil and in (b) double autoclaved vermiculite  
 
The selected PP2A subunit genes were tested in plants grown in soil and 
vermiculite after treatment with AMF.  A reporter gene for GA levels, 
GAST1 (GA-STIMULATED TRANSCRIPT 1) was included in the 
analysis (Herrera-Medina et al., 2007; Martín-Rodríguez et al., 2016). 
PT4 (PHOSPHATE TRANSPORTER 4) was included as a reporter gene 
for mycorrhizae-inducible inorganic phosphate transporter and is a 
marker for AM symbiosis (Javot, Penmetsa, Terzaghi, Cook, & 




of AMF by 116 % for soil-grown plants, in agreement with AM 
formation (Figure 5a). The up-regulation in vermiculite-grown plants 
was only 30% and this may be explained by the formation of VM instead 
of AM. TAS14 expression was higher in plants grown in vermiculite than 
in soil, as previously observed (Figures 1, 5). After AMF inoculation, 
TAS14 remained constant, while the data indicated that GAST1 was 
down-regulated, suggesting that the ABA to GA ratio was changed in 
favour of mycorrhizae formation (Martín-Rodríguez et al., 2016). These 
experiments confirmed that B’φ was the PP2A gene expressed at the 
lowest level with especially low values in vermiculite-grown plants 
(Figures 1, 5). The expression of B’φ was not influenced by AMF. The 
expression of B’ in roots was significantly lower in control plants grown 
in vermiculite compared with soil (Figure 5), in agreement with previous 
experiments (Figure 1a, d). Strikingly, as for PGPR treatment, B’ was 
down-regulated by AMF treatment, though only in soil-grown plants 
(Figure 5a). The B (CladeIII) was up-regulated in soil, whereas B 
(Clade I) was up-regulated in vermiculite in AMF treated plants. C1 also 
showed different effects of AMF in soil and vermiculite. C2 was not 






FIGURE 5. Expression of PP2A subunit genes and AM-associated genes in 
roots not treated or treated with AMF. Tomato plants had been grown for 3.5 
months after the mock treatment (white bars) and AMF treatment (black bars) 
and were grown in (a) soil or (b) vermiculite. The values are averages from 
three biological replicates normalized by the reference gene ACTIN41. Values 
marked with two asterisks are significantly different from the corresponding 
control according to student’s t-test at p-value < 0.05, n=3. 
 
3.4 B’φ over-expressor plants  
Transformed plants over-expressing B’φ, b’φox, showed no difference 
from original genotype (WT) regarding growth during the first weeks 
(Figure 6a). Thereafter, differences became visible (Figure 6b, c). The 




transformed plants. In 8-week-old b’φox fresh weight of shoots and roots 
was reduced by 66 and 70 %, respectively (Figure 6d). Root length was 
similar in original genotype and b’φox, but number of leaves, stem height 
and stem thickness were reduced in b’φox. Although fruits had similar 
weight, the number of seeds was reduced by 60% per fruit (Figure 6e). 
To study mycorrhizal colonization, WT and b’φox (F0, F1) were 
inoculated with AMF in soil and vermiculite. The frequency of AM in 
roots was assessed 3.5 months after adding AMF, and due to the low 
colonization, the assessment was repeated after 8.5 months for soil-
grown plants (Figure 7a). No significant differences in colonization 
frequency were found between WT and b’φox in soil (Figure 7a). The 
colonization frequency was higher in plants grown in vermiculite 
compared with those grown in soil, and a clear difference was seen 
between WT and b’φox in three different experiments involving both 
b’φox progenies F0 and F1. On average the colonization frequency was 





FIGURE 6.  Phenotypic characterization of b’φox (over-expressor). Original 
genotype (WT) and b’φox plants (a) 25 days old; (b, c) 8 weeks old; (d) Mean 
values of shoot weight, root weight, root length, number of leaves and stem 
height for 12 WT plants (black columns) and 18 b’φox plants (grey columns) 
(F1 of three mutant lines); (e) Fruit fresh weight and seed number are from 
tomato fruits collected after ripening. Data are means of 35 fruits, n=35. SE is 
given. Columns marked with one or two asterisks are significantly different 








FIGURE 7. Frequency of root colonization in original genotype (WT) and 
b’φox after inoculation with AMF. Colonization frequency for WT (black bars) 
and b’φox  (grey bars and hatched bar) (a) in soil 3.5 and 8.5 months after 
inoculation; (b) in vermiculite after 3.5 months; (c) in vermiculite after 3 
months with another batch of b’φox (F1 plants). Values are means ±SE from 
three plants. According to student’s t-test at p-value < 0.05, columns marked 
with two asterisks are significantly different from WT. 
 
3.5 Gene expression in WT and b’φox 
Expression levels of B’φ were, as expected, much higher in b’φox than in 
WT, about 10-fold higher (Figure 8). Over-expression of B’φ stimulated 
expression of the B (clade I) gene in roots both treated (expression level 
up by 40%) and not treated with AMF (expression level up by 55%) 
(Figure 8). For other PP2A subunit genes there were only small 
differences between WT and b’φox. Over-expression of B’φ led to 




and the GA reporter gene GAST1. This strongly indicates that B’φ is 
important for regulation of the ABA/GA hormone balance in tomato 
roots. A lower ABA response in these plants is in agreement with less 
colonization by AMF.  
 
  
FIGURE 8. Expression analysis of PP2A subunits, hormone and AM-
associated genes in roots of original genotype (WT) and b’φox of non-treated 
and AMF-treated plants. WT (white, white-hatched columns) and b’φox plants 
(grey, grey-hatched columns) had been grown for 3.5 months in vermiculite 
without (white or grey columns) or with AMF (hatched columns). The values 
are averages from three biological replicates normalized by the reference gene 
ACTIN41. For each gene, different letters represent significant different 
values according to one-way ANOVA and Tukey’s multiple range test, n= 3, 
(p < 0.05). 
 
4. DISCUSSION 
When tomato plants were treated with PGPR, the most striking effect 
was the transient down-regulation of B’ expression observed after 2 h 




brasilense FAJ0009 and P. simiae (WCS417r) caused such a transient 
decrease in B’ expression. The strongest effect was induced by P. 
simiae. Interestingly, plants that had been grown in soil with AMF also 
showed low expression level of B’ (Figure 5a), and only small changes 
in expression of other PP2A genes, indicating that down-regulation of 
B’  is involved in plant-AMF interactions. However, it cannot be 
excluded that adding AMF may also have stimulated growth of PGPR in 
the soil, and in the next round, this would influence B’ expression. The 
work indicated that B’  was involved in the changes in morphology and 
in the frequency of root colonization associated with a complex crosstalk 
occurring between plants, AMF, and native soil bacteria. AMF 
inoculation inhibited B’  expression only in the soil (where native 
bacteria were present), and only soil-grown roots showed the canonical 
arbuscular form usually observed when roots are colonized by more than 
one AMF species (S. Smith & D. Read, 2008). The important role of B’  
downregulation is also supported by the observation that this 
downregulation was related to the upregulation of the widely used AM 
colonization marker PT4 (Figure 6). However, the lower basal 
expression level of B’  in vermiculite than in soil may have contributed 
to the higher frequency of colonization (vesicular mycorrhizae) observed 
in vermiculite-grown compared with soil-grown roots. Previous work 
had pointed to the Arabidopsis B’  and its two most closely related 
genes as being involved in biotic responses (Durian et al., 2016; Kataya 
et al., 2015). The current results confirm that B’  plays an important role 




from plant growth-promoting microbes. In Arabidopsis plants with 
knocked out B’, proliferation of the pathogenic Pseudomonas syringae 
after infiltration was decreased relative to WT plants (Kataya et al., 
2015). A defence reaction against proliferation of pathogens by lowering 
expression of B’ could possibly be a helpful rection induced by 
symbiosis with PGPR and AMF. Such a putative positive effect of PGPR 
and AMF against pathogens would be interesting to test in tomato.   
 The most striking results from expression analysis of the PP2A 
subunit B’φ gene in the original tomato genotype, was the very low level 
in all tissues under all growth conditions investigated (Figures 1, 2, 5, 8). 
Initially we attempted to make knock-out tomato plants using artificial 
microRNA for targeting B’φ mRNA to achieve gene silencing. However, 
in contrast to what had been found for the orthologue in Medicago spp. 
(Charpentier et al., 2014; Tóth et al., 2000), the B’φ mRNA was already 
at a very low level in tomato. Therefore, selecting knock-out/down plants 
seemed unreasonable and technically difficult to verify further. We 
decided to make transformed plants over-expressing the B’φ gene to 
obtain further information concerning functions of this gene. The over-
expressor plants had a characteristic phenotype with smaller leaves, 
reduced stem thickness, reduced root and shoot fresh weight, and poor 
seed set per fruit (Figure 6). Such changes are likely reflecting altered 
hormone levels, and both the ABA reporter gene TAS14 and the GA 
reporter gene GAST1 were down-regulated in B’φ over-expressor plants 
(Figure 8). The observed phenotype could, at least partly, be explained 




Van der Veen, & Zeevaart, 1990). Formation of mycorrhizae had 
previously been linked to enhanced ABA levels (Charpentier 2014). 
Over-expression of B’φ appeared to inhibit AM formation (Figure 7) at 
least for vermiculite-grown plants, and this could be caused by a lowered 
ABA responsiveness in roots and disturbance of the hormone balance as 
indicated by the TAS14 reporter gene (Figure 8). The results obtained in 
the present work strengthen the suggestion that B’φ has a role in 
regulation of AM formation. However, other functions of B’φ is likely 
to still be discovered and may not be related to formation of AM. The 
Sol database (Fernandez-Pozo et al., 2015) confirmed the very low 
expression levels for B’φ in S. lycopersicum. Roots from 3-week-old 
plants had non-detectable or very low expression levels for B’φ, about 
500-fold lower than C1 expression levels (Figure S1a). In the Sol 
database, low levels of B’φ transcripts are also reported for S. 
pimpinellifolium. The interesting exceptions were tissues dissected with 
laser capture microdissection of ovary and fruit tissues combined with 
high-throughput RNA sequencing during early fruit development (0-4 
days post anthesis) (Pattison et al., 2015) In ovules (day 0), 
B’φ expression was one third of C1 and higher than for other B subunits 
(B’ B’, B’, B -clade I) (Figure S1c). This suggests that B’φ may 
have a function in the early fruit development, and hence also formation 
of seeds. Considering that B’φ has a function in early fruit development, 
the very high levels of ectopically expressed B’φ in the transformed 
plants (Figure 8), may distort seed formation (Figure 6). Taken together, 




expression data support a function of B’φ in seed formation in addition 
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S1 Table. List of primers (continued). 
 
aPrimers used with Phire® Hot Start II DNA Polymerase 






 S1 Figure. Expression of PP2A subunit genes in S. lycopersicum roots and 
leaves, and S. pimpinellifolium ovules and leaves. 
Publicly available data from the Sol genetics database. Genes presented are named 
according to International Tomato Annotation Group, and orthologues in Arabidopsis. 
The genes presented are PP2A subunits: eight different B’, three B’’, four B/B55, five 
C and three A (Ab2 is 2.23, exceeding the scale), additionally TAS14, GAST1 and 
Actin. All are normalized to Actin 41 (set to 1). 
 
 
S2 Figure. Visual phenotype of tomato plants three weeks after treatment with 
PGPR. 
Two-month-old tomato plants not cultivated (upper left photo) and cultivated with 





Paper III:  
Methylation of protein phosphatase 2A – 













































































Light regulation of nitrate reductase by 
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